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(57) ABSTRACT

A semiconductor device with a reduced area is provided. The
semiconductor device includes a first transistor and a second
transistor. The first transistor includes a first conductor and a
second conductor arranged with a distance therebetween, a
first insulator over the first conductor and the second conduc-
tor, a semiconductor over the first insulator, a second insulator
over the semiconductor, a third conductor over the second
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in contact with the semiconductor. The first conductor
includes a region not overlapping with the third conductor
with the semiconductor therebetween, the first conductor
includes a region overlapping with the second conductor with
the semiconductor therebetween, and one of a source elec-
trode and a drain electrode of the second transistor is electri-
cally connected to the third conductor of the first transistor.
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SEMICONDUCTOR DEVICE, RF TAG, AND
ELECTRONIC DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an object, a method, or a
manufacturing method. Furthermore, the present invention
relates to a process, a machine, manufacture, or acomposition
of matter. In particular, the present invention relates to, for
example, a semiconductor, a semiconductor device, a display
device, a light-emitting device, a lighting device, a power
storage device, a memory device, or a processor. Moreover,
the present invention relates to a manufacturing method of a
semiconductor, a semiconductor device, a display device, a
light-emitting device, a lighting device, a power storage
device, a memory device, or a processor. The present inven-
tion relates to a driving method of a semiconductor device, a
display device, a light-emitting device, a lighting device, a
power storage device, a memory device, Or a processor.

In this specification and the like, a semiconductor device
generally means a device that can function by utilizing semi-
conductor characteristics. A memory device, a display
device, a light-emitting device, a lighting device, an electro-
optical device, a semiconductor circuit, an electronic device,
and the like include a semiconductor device in some cases.

2. Description of the Related Art

Much attention is focused on a semiconductor device that
retains data even after interruption of power supply by using
acombination of a transistor including semiconductor silicon
(8i) in its channel formation region (this transistor is referred
to as a Si transistor in the following description) and a tran-
sistor including an oxide semiconductor (preferably an oxide
including In, Ga, and Zn) in its channel formation region (see
Patent Document 1).

In recent years, with the increase in the amount of data
manipulated, a semiconductor device having a large storage
capacity has been required. In such situations, the semicon-
ductor device disclosed in Patent Document 1 has a structure
in which multilevel data is stored and read.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2012-256400

SUMMARY OF THE INVENTION

An object of one embodiment of the present invention is at
least one of the following: providing a semiconductor device
(memory cell) with reduced area, providing a semiconductor
device with improved storage density, providing a semicon-
ductor device with improved storage capacity, providing a
miniaturized semiconductor device, and providing a novel
semiconductor device.

Note that the descriptions of these objects do not disturb the
existence of other objects. In one embodiment of the present
invention, there is no need to achieve all of these objects.
Other objects will be apparent from and can be derived from
the description of the specification, the drawings, the claims,
and the like.

(1) One embodiment of the present invention is a semicon-
ductor device which includes a first transistor and a second
transistor. In the semiconductor device, the first transistor
includes a first conductor, a second conductor, a first insulator
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over the first conductor and the second conductor, a semicon-
ductor over the first insulator, a second insulator over the
semiconductor, a third conductor over the second insulator,
and a fourth conductor and a fifth conductor that are in contact
with the semiconductor. The semiconductor includes a first
region, when seen from the above, not overlapping with the
fourth conductor, not overlapping with the fifth conductor,
and overlapping with the first conductor; a second region,
when seen from the above, not overlapping with the fourth
conductor, not overlapping with the fifth conductor, and over-
lapping with the second conductor; and a third region, when
seen from the above, not overlapping with the fourth conduc-
tor, not overlapping with the fitth conductor, and overlapping
with the third conductor. The first region includes a region not
overlapping with the third region, the second region includes
aregion overlapping with the third region, and one of a source
electrode and a drain electrode of the second transistor is
electrically connected to the third conductor of the first tran-
sistor.

(2) Another embodiment of the present invention is a semi-
conductor device which includes a first memory cell and a
second memory cell adjacent to each other. In the semicon-
ductor device, the first memory cell and the second memory
cell each include a first transistor and a second transistor. The
first transistor includes a first conductor, a second conductor,
a first insulator over the first conductor and the second con-
ductor, a semiconductor over the first insulator, a second
insulator over the semiconductor, a third conductor over the
second insulator, and a fourth conductor and a fifth conductor
that are in contact with the semiconductor. The semiconduc-
tor includes a first region, when seen from the above, not
overlapping with the fourth conductor, not overlapping with
the fifth conductor, and overlapping with the first conductor;
a second region, when seen from the above, not overlapping
with the fourth conductor, not overlapping with the fifth con-
ductor, and overlapping with the second conductor; and a
third region, when seen from the above, not overlapping with
the fourth conductor, not overlapping with the fifth conductor,
and overlapping with the third conductor. The first region
includes a region not overlapping with the third region, the
second region includes a region overlapping with the third
region, one of a source electrode and a drain electrode of the
second transistor is electrically connected to the third con-
ductor of the first transistor, and the first conductor included
in the first memory cell is electrically connected to the first
conductor included in the second memory cell.

(3) Another embodiment of the present invention is a semi-
conductor device which includes a first memory cell and a
second memory cell adjacent to each other. In the semicon-
ductor device, the first memory cell and the second memory
cell each include a first transistor and a second transistor. The
first transistor includes a first conductor, a second conductor,
a first insulator over the first conductor and the second con-
ductor, a semiconductor over the first insulator, a second
insulator over the semiconductor, a third conductor over the
second insulator, and a fourth conductor and a fifth conductor
that are in contact with the semiconductor. The semiconduc-
tor includes a first region, when seen from the above, not
overlapping with the fourth conductor, not overlapping with
the fifth conductor, and overlapping with the first conductor;
a second region, when seen from the above, not overlapping
with the fourth conductor, not overlapping with the fifth con-
ductor, and overlapping with the second conductor; and a
third region, when seen from the above, not overlapping with
the fourth conductor, not overlapping with the fifth conductor,
and overlapping with the third conductor. The first region
includes a region not overlapping with the third region, the
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second region includes a region overlapping with the third
region, one of a source electrode and a drain electrode of the
second transistor is electrically connected to the third con-
ductor of the first transistor, and the second conductor
included in the first memory cell is electrically connected to
the second conductor included in the second memory cell.

(4) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1) to (3), in which the second region is included in the
third region.

(5) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1) to (3), in which the first region and the third region
do not overlap with each other and a distance between the first
region and the third region is shorter than or equal to a dis-
tance between the first region and the second region.

(6) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1) to (3), in which the first region and the third region
overlap with each other and a width of a region where the first
region and the third region overlap with each other is shorter
than or equal to a distance between the first region and the
second region.

(7) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1)to (3), in which an edge of the first region is aligned
with an edge of the third region.

(8) Another embodiment of the present invention is a semi-
conductor device which includes a first transistor and a sec-
ond transistor. In the semiconductor device, the first transistor
includes a first conductor and a second conductor arranged
with a distance therebetween, a first insulator over the first
conductor and the second conductor, a semiconductor over
the first insulator, a second insulator over the semiconductor,
a third conductor over the second insulator, and a fourth
conductor and a fifth conductor that are in contact with the
semiconductor. The first conductor includes a region not
overlapping with the third conductor with the semiconductor
therebetween, the second conductor includes a region over-
lapping with the third conductor with the semiconductor ther-
ebetween, and one of a source electrode and a drain electrode
of the second transistor is electrically connected to the third
conductor of the first transistor.

(9) Another embodiment of the present invention is a semi-
conductor device which includes a first memory cell and a
second memory cell adjacent to each other. In the semicon-
ductor device, the first memory cell and the second memory
cell each include a first transistor and a second transistor. The
first transistor includes a first conductor and a second con-
ductor arranged with a distance therebetween, a first insulator
over the first conductor and the second conductor, a semicon-
ductor over the first insulator, a second insulator over the
semiconductor, a third conductor over the second insulator,
and a fourth conductor and a fifth conductor that are in contact
with the semiconductor. The first conductor includes a region
not overlapping with the third conductor with the semicon-
ductor therebetween, the second conductor includes a region
overlapping with the third conductor with the semiconductor
therebetween, one of a source electrode and a drain electrode
of the second transistor is electrically connected to the third
conductor of the first transistor, and the first conductor
included in the first memory cell is electrically connected to
the first conductor included in the second memory cell.

(10) Another embodiment of the present invention is a
semiconductor device which includes a first memory cell and
a second memory cell adjacent to each other. In the semicon-
ductor device, the first memory cell and the second memory
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cell each include a first transistor and a second transistor. The
first transistor includes a first conductor and a second con-
ductor arranged with a distance therebetween, a first insulator
over the first conductor and the second conductor, a semicon-
ductor over the first insulator, a second insulator over the
semiconductor, a third conductor over the second insulator,
and a fourth conductor and a fifth conductor that are in contact
with the semiconductor. The first conductor includes a region
not overlapping with the third conductor with the semicon-
ductor therebetween, the second conductor includes a region
overlapping with the third conductor with the semiconductor
therebetween, one of a source electrode and a drain electrode
of the second transistor is electrically connected to the third
conductor of the first transistor, and the second conductor
included in the first memory cell is electrically connected to
the second conductor included in the second memory cell.

(11) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (8) to (10), in which the third conductor includes a
region that does not overlap with the second conductor with
the semiconductor therebetween.

(12) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (8) to (10), in which the first conductor and the third
conductor do not overlap with each other with the semicon-
ductor therebetween and, when seen from the above, a dis-
tance between the first conductor and the third conductor is
shorter than or equal to a distance between the first conductor
and the second conductor.

(13) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (8) to (10), in which the first conductor and the third
conductor overlap with each other with the semiconductor
therebetween and, when seen from the above, a width of a
region where the first conductor and the third conductor over-
lap with each other is shorter than or equal to a distance
between the first conductor and the second conductor.

(14) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1) to (13), in which the semiconductor included in the
first transistor is an oxide semiconductor and a channel for-
mation region of the second transistor includes an oxide semi-
conductor.

(15) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1) to (14), in which the second transistor is stacked
over the first transistor.

(16) Another embodiment of the present invention is the
semiconductor device according to any one of the embodi-
ments (1) to (14), in which any one state of 4 to 256 levels is
held by the first transistor and the second transistor.

(17) Another embodiment of the present invention is an RF
tag (radio-frequency tag) which includes the semiconductor
device according to any one of the embodiments (1) to (16)
and an antenna.

(18) Another embodiment of the present invention is an
electronic device which includes the semiconductor device
according to any one of the embodiments (1) to (16) and a
printed wiring board.

A semiconductor device (memory cell) with reduced area
can be provided. A semiconductor device with improved stor-
age density can be provided. A semiconductor device with
improved storage capacity can be provided. A miniaturized
semiconductor device can be provided. A novel semiconduc-
tor device can be provided.

Note that the description of these effects does not disturb
the existence of other effects. One embodiment of the present
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invention does not necessarily have all of these effects. Other
effects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and
the like.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a circuit diagram of a semiconductor device
(memory cell) of one embodiment of the present invention;

FIGS. 2A to 2C are plan views of a semiconductor device
(memory cell) of one embodiment of the present invention;

FIG. 3 is a cross-sectional view of a semiconductor device
(memory cell) of one embodiment of the present invention;

FIGS. 4A to 4D illustrate voltages that relate to operation
of'a memory cell;

FIG. 5 is a circuit diagram of a memory cell array;

FIG. 6 is a timing chart showing a writing operation of a
memory cell;

FIG. 7 is a timing chart showing a reading operation of a
memory cell;

FIG. 8 is a block diagram of a memory device;

FIGS.9A and 9B are a plan view and a cross-sectional view
of a transistor;

FIGS. 10A and 10B are a plan view and a cross-sectional
view of a transistor;

FIGS. 11A and 11B are cross-sectional TEM images of an
oxide semiconductor, and FIG. 11C shows local Fourier
transform images of the oxide semiconductor;

FIGS. 12A and 12B show nanobeam electron diffraction
patterns of oxide semiconductors, and FIGS. 12C and 12D
illustrate an example of a transmission electron diffraction
measurement apparatus;

FIG. 13 A shows an example of structural analysis by trans-
mission electron diffraction measurement and FIGS. 13B and
13C show plan-view TEM images;

FIG. 14A is a cross-sectional view of stacked semiconduc-
tor layers and FIGS. 14B and 14C each show a band structure;

FIG. 15 is a block diagram illustrating a CPU of one
embodiment of the present invention;

FIG. 16 is a block diagram showing an RF tag of one
embodiment of the present invention;

FIGS. 17A and 17B illustrate an electronic component of
one embodiment of the present invention;

FIGS. 18A to 18F each illustrate an electronic device of
one embodiment of the present invention; and

FIG. 19 shows a change in crystal parts by electron beam
irradiation.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention will be described in
detail with the reference to the drawings. However, the
present invention is not limited to the description below, and
it is easily understood by those skilled in the art that modes
and details disclosed herein can be modified in various ways.
Furthermore, the present invention is not construed as being
limited to description of the embodiments described below. In
describing structures of the present invention with reference
to the drawings, common reference numerals are used for the
same portions in different drawings. Note that the same
hatched pattern is applied to similar parts, and the similar
parts are not especially denoted by reference numerals in
some cases.

Note that the size, the thickness of films (layers), or regions
in drawings is sometimes exaggerated for simplicity.
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A voltage usually refers to a potential difference between a
given potential and a reference potential (e.g., a source poten-
tial or a ground potential (GND)). A voltage can be referred to
as a potential and vice versa.

Note that the ordinal numbers such as “first” and “second”
in this specification are used for convenience and do not
denote the order of steps or the stacking order of layers.
Therefore, for example, description can be made even when
“first” is replaced with “second” or “third”, as appropriate. In
addition, the ordinal numbers in this specification and the like
are not necessarily the same as the ordinal numbers used to
specify one embodiment of the present invention.

Note thata “semiconductor” may have characteristics of an
“insulator” in some cases when the conductivity is suffi-
ciently low, for example. Further, a “semiconductor” and an
“insulator” cannot be strictly distinguished from each other in
some cases because a border between the “semiconductor”
and the “insulator” is not clear. Accordingly, a “semiconduc-
tor” in this specification can be called an “insulator” in some
cases. Similarly, an “insulator” in this specification can be
called a “semiconductor” in some cases.

Further, a “semiconductor” may have characteristics of a
“conductor” in some cases when the conductivity is suffi-
ciently high, for example. A “semiconductor” and a “conduc-
tor” cannot be strictly distinguished from each other in some
cases because a border between the “semiconductor” and the
“conductor” is not clear. Accordingly, a “semiconductor” in
this specification can be called a “conductor” in some cases.
Similarly, a “conductor” in this specification can be called a
“semiconductor” in some cases.

Note that an impurity in a semiconductor refers to, for
example, elements other than the main components of the
semiconductor. For example, an element with a concentration
of'lower than 0.1 atomic % is an impurity. When an impurity
is contained, the density of states (DOS) may be formed in a
semiconductor, the carrier mobility may be decreased, or the
crystallinity may be decreased. In the case where the semi-
conductor is an oxide semiconductor, examples of an impu-
rity which changes characteristics of the semiconductor
include Group 1 elements, Group 2 elements, Group 14 ele-
ments, Group 15 elements, and transition metals other than
the main components; specifically, there are hydrogen (in-
cluded in water), lithium, sodium, silicon, boron, phosphorus,
carbon, and nitrogen, for example. In the case of an oxide
semiconductor, oxygen vacancies may be formed by entry of
impurities such as hydrogen. In the case where the semicon-
ductor is silicon, examples of an impurity which changes
characteristics of the semiconductor include oxygen, Group 1
elements except hydrogen, Group 2 elements, Group 13 ele-
ments, and Group 15 elements.

Note that in the embodiments described below, an insulator
may be formed to have, for example, a single-layer structure
or a stacked-layer structure including an insulator containing
one or more kinds of boron, carbon, nitrogen, oxygen, fluo-
rine, magnesium, aluminum, silicon, phosphorus, chlorine,
argon, gallium, germanium, yttrium, zirconium, lanthanum,
neodymium, hafnium, and tantalum unless otherwise speci-
fied. A resin may be used as the insulator. For example, a resin
containing polyimide, polyamide, acrylic, silicone, or the like
may be used. The use of a resin does not need planarization
treatment performed on a top surface of the insulator in some
cases. By using a resin, a thick film can be formed in a short
time; thus, the productivity can be increased. The insulator
may be preferably formed to have a single-layer structure or
a stacked-layer structure including an insulator containing
aluminum oxide, silicon nitride oxide, silicon nitride, gallium
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oxide, yttrium oxide, zirconium oxide, lanthanum oxide,
neodymium oxide, hafnium oxide, or tantalum oxide.

Note that in the following embodiments, unless otherwise
specified, a conductor may be formed to have, for example, a
single-layer structure or a stacked-layer structure including a
conductor containing one or more kinds of boron, nitrogen,
oxygen, fluorine, silicon, phosphorus, aluminum, titanium,
chromium, manganese, cobalt, nickel, copper, zinc, gallium,
yttrium, zirconium, molybdenum, ruthenium, silver, indium,
tin, tantalum, and tungsten. An alloy film or a compound film
of the above element may be used, for example, and a con-
ductor containing aluminum, a conductor containing copper
and titanium, a conductor containing copper and manganese,
a conductor containing indium, tin, and oxygen, a conductor
containing titanium and nitrogen, or the like may be used.

In this specification, the phrase “A has a region with a
concentration B” means, for example, “the concentration of
the entire region of A in the depth direction is B”, “the average
concentration in a region of A in the depth direction is B”, “the
median value of the concentration in a region of A in the depth
direction is B”, “the maximum value of the concentration in a
region of A in the depth direction is B”, “the minimum value
of'the concentration in a region of A in the depth direction is
B”, “a convergence value of the concentration in a region of A
in the depth direction is B”, and “the concentration in a region
in which a probable value of A can be obtained in measure-
ment is B”.

In this specification, the phrase “A has a region with a size
B, a length B, a thickness B, a width B, or a distance B”
means, for example, “the size, the length, the thickness, the
width, or the distance of the entire region of A is B”, “the
average value of the size, the length, the thickness, the width,
or the distance of aregion of A is B”, “the median value of the
size, the length, the thickness, the width, or the distance of a
region of A is B”, “the maximum value of the size, the length,
the thickness, the width, or the distance of a region of A is B”,
“the minimum value of the size, the length, the thickness, the
width, or the distance of a region of A is B”, “a convergence
value of the size, the length, the thickness, the width, or the
distance of a region of A is B”, and “the size, the length, the
thickness, the width, or the distance of a region in which a
probable value of A can be obtained in measurement is B”.

Note that in this specification, the channel length refers to,
for example, a distance between a source (a source region or
a source electrode) and a drain (a drain region or a drain
electrode) in a region where a semiconductor (or a portion
where a current flows in a semiconductor when a transistor is
on) and a gate electrode overlap with each other or a region
where a channel is formed in a top view of the transistor. In
one transistor, channel lengths are not necessarily the same in
all regions. In other words, the channel length of one transis-
tor is not limited to one value in some cases. Therefore, in this
specification, the channel length is any one of values, the
maximum value, the minimum value, or the average value in
a region where a channel is formed.

The channel width refers to, for example, the length of a
portion where a source and a drain face each other in a region
where a semiconductor (or a portion where a current flows in
a semiconductor when a transistor is on) and a gate electrode
overlap with each other, or a region where a channel is
formed. In one transistor, channel widths are not necessarily
the same in all regions. In other words, the channel width of
one transistor is not limited to one value in some cases.
Therefore, in this specification, a channel width is any one of
values, the maximum value, the minimum value, or the aver-
age value in a region where a channel is formed.
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Note that depending on transistor structures, a channel
width in a region where a channel is actually formed (here-
inafter referred to as an effective channel width) is different
from a channel width shown in a top view of a transistor
(hereinafter referred to as an apparent channel width) in some
cases. For example, in a transistor having a three-dimensional
structure, an effective channel width is greater than an appar-
ent channel width shown in a top view of the transistor, and its
influence cannot be ignored in some cases. For example, in a
miniaturized transistor having a three-dimensional structure,
the proportion of a channel region formed in a side surface of
a semiconductor is higher than the proportion of a channel
region formed in a top surface of a semiconductor in some
cases. In that case, an effective channel width obtained when
a channel is actually formed is greater than an apparent chan-
nel width shown in the top view.

In a transistor having a three-dimensional structure, an
effective channel width is difficult to measure in some cases.
For example, estimation of an effective channel width from a
design value requires an assumption that the shape of a semi-
conductor is known. Therefore, without accurate information
on the shape of a semiconductor, it is difficult to measure an
effective channel width accurately.

Note that functions of a “source” and a “drain” of a tran-
sistor are sometimes replaced with each other when a transis-
tor of opposite polarity is used or when the direction of
current flow is changed in circuit operation, for example.
Therefore, the terms “source” and “drain” can be replaced
with each other in this specification.

Note that in this specification, the term “parallel” indicates
that the angle formed between two straight lines is greater
than or equal to —10° and less than or equal to 10°, and
accordingly also includes the case where the angle is greater
than or equal to -5° and less than or equal to 5°. The term
“perpendicular” indicates that the angle formed between two
straight lines is greater than or equal to 80° and less than or
equal to 100°, and accordingly includes the case where the
angle is greater than or equal to 85° and less than or equal to
95°.

Note that the layout of circuit blocks in a drawing is the one
for specifying the positional relationship in description. Thus,
even when a drawing shows that different functions are
achieved in different circuit blocks, an actual circuit or region
may be configured so that the different functions are achieved
in the same circuit block. Furthermore, the function of each
circuit block in a drawing is specified for description. Thus,
even when one circuit block is illustrated, an actual circuit or
region may be configured so that processing which is illus-
trated as being performed in the one circuit block is per-
formed in a plurality of circuit blocks.

Embodiment 1

In this embodiment, a semiconductor device of one
embodiment of the present invention will be described with
reference to drawings.

FIG. 1 illustrates an example of a circuit configuration of a
semiconductor device of one embodiment of the present
invention.

The semiconductor device in FIG. 1 has a function of a
memory cell. In the following description, this semiconduc-
tor device is referred to as a “semiconductor device (memory
cell)” or simply a “memory cell” in some cases.

A semiconductor cell 500 includes a transistor 490 and a
transistor 491.

The transistor 490 includes a first gate electrode, a second
gate electrode, a third gate electrode, a source electrode, and
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a drain electrode. A channel formation region is positioned
between the first gate electrode and the third gate electrode
and also between the second gate electrode and the third gate
electrode. The first gate electrode is positioned so as not to
completely overlap with the third gate electrode and thus has
a region that does not overlap with the third gate electrode
when seen from the above. The second gate electrode and the
third gate electrode have a region where they overlap with
each other with the channel formation region therebetween.
In drawings, the transistor 490 with such a structure is repre-
sented by the region surrounded by dotted lines. Furthermore,
the first gate electrode, the second gate electrode, and the third
gate electrode are represented by G1, G2, and G3, respec-
tively in FIG. 1.

One of a source electrode and a drain electrode of the
transistor 491 and the third gate electrode of the transistor 490
are electrically connected to each other. This connected por-
tion is also referred to as a floating node FN.

The memory cell 500 is connected to a write word line
WW, aread word line RW, a selection word line SW, a bit line
BL, and a source line SL.

A gate electrode of the transistor 491 is connected to the
write word line WW. The other of the source electrode and the
drain electrode of the transistor 491 is connected to the bit line
BL. The first gate electrode and the second gate electrode of
the transistor 490 are connected to the selection word line SW
and the read word line RW, respectively. One of the source
electrode and the drain electrode of the transistor 490 is
connected to the source line SL, and the other is connected to
the bit line BL. Note that the bit line connected to the other of
the source electrode and the drain electrode of the transistor
491 and the bit line connected to the other of the source
electrode and the drain electrode of the transistor 490 may be
different bit lines.

The memory cell 500 is a circuit that stores data by holding
a potential supplied to the floating node FN. In other words,
the memory cell 500 is a circuit that stores data by holding
charges accumulated in the floating node FN.

The memory cell 500 can store k-level data by holding k
kinds of potentials (charges or states) (k is an integer of two or
more) in the floating node FN. For example, the memory cell
500 can store any one of 2-level to 256-level data. For
example, the memory cell 500 can store 2-, 4-, 8-, 16-, 32-,
64-, 128-, or 256-level data.

Here, a structure and functions of the transistor 490 will be
described.

In the transistor 490, it is preferable that, when seen from
the above, the entire region where the second gate electrode
overlaps with the channel formation region (or a semiconduc-
tor layer) overlap with the third gate electrode. If there is a
region not overlapping with the third gate electrode here,
when the conduction state of the transistor 490 is controlled
by the second gate electrode, the transistor 490 might be
unintentionally brought into a non-conducting state; thus,
malfunction might be caused.

In the transistor 490, the third gate electrode may include a
region that does not overlap with the second gate electrode
with the channel formation region therebetween. Even in the
case where the third gate electrode has a region that does not
overlap with the second gate electrode, operation that does
not cause an unintentional non-conducting state of the tran-
sistor 490 is possible when the conduction state of the tran-
sistor 490 is controlled by the second gate electrode. The
region where the third gate electrode does not overlap with the
second gate electrode is preferably as small as possible. Fur-
thermore, when seen from the above, an edge of the third gate
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electrode and an edge of the second gate electrode may be
aligned with each other with the channel formation region
therebetween.

In the transistor 490, the third gate electrode and the first
gate electrode may be arranged with a distance therebetween
when seen from the above. However, the distance between the
third gate electrode and the first gate electrode is preferably as
short as possible because the resistivity ofthe transistor 490 in
a conducting state might become high by the distance. The
distance between the third gate electrode and the first gate
electrode can be, for example, shorter than or equal to the
distance between the first gate electrode and the second gate
electrode, preferably shorter than or equal to halfthe distance
between the first gate electrode and the second gate electrode.

In the transistor 490, the first gate electrode may partly
overlap with the third gate electrode with the channel forma-
tion region therebetween. Even if there is such an overlap,
operation that does not cause an unintentional non-conduct-
ing state of the transistor 490 is possible when the conduction
state of the transistor 490 is controlled by the first gate elec-
trode. The region where the first gate electrode overlaps with
the third gate electrode is preferably as small as possible. The
width of the region where the first gate electrode overlaps
with the third gate electrode can be, for example, shorter than
or equal to the distance between the first gate electrode and
the second gate electrode and preferably shorter than or equal
to half the distance between the first gate electrode and the
second gate electrode.

Furthermore, when seen from the above, an edge of the first
gate electrode and an edge of the third gate electrode may be
aligned with each other with the channel formation region
therebetween.

The transistor 490 with the above-described structure is
turned on or off depending on the potential of the first gate
electrode, the potential of the second gate electrode, and the
potential of the third gate electrode. When a voltage Vgl of
the first gate electrode becomes higher than Vth1, the channel
formation region of the transistor 490 is controlled by the first
gate electrode, so that a channel is formed or carriers are
induced in the channel formation region. At this time, the
channel formation region of the transistor 490 is not con-
trolled by the third gate electrode. In the case where the
voltage of the second gate electrode is Vg2, when a voltage
Vg3 of the third gate electrode becomes higher than or equal
to a predetermined potential, the channel formation region of
the transistor 490 is controlled by the second gate electrode
and the third gate electrode, so that a channel is formed or
carriers are induced in the channel formation region. This is
the case where Vg3>Vth23 (Vg2) is satisfied. Here, Vth23
(Vg2)isa voltage depending on the voltage Vg2 of the second
gate electrode. For example, in some cases, Vth23 (Vg2) is
expressed as Vth23 (Vg2_0)-cx(Vg2_0-VR_0). This is the
formula for expressing Vth23 (Vg2) when Vth23 at the time
when the potential of the second gate electrode is Vg2_0 is
known and the potential of the second gate electrode is
changed to VR_0. The coefficient c is the value obtained by
dividing the capacitance per unit area of an insulator between
the second gate electrode and the channel formation region by
the capacitance per unit area of an insulator between the third
gate electrode and the channel formation region. Thus, there
are at least two threshold voltages, that is, Vth1l and Vth23
(Vg2), in the transistor 490. Note that Vth1 is the threshold
voltage relating to the first gate electrode, and Vth23 (Vg2) is
the threshold voltage relating to the second gate electrode and
the third gate electrode. Since the channel formation region
relating to the first gate electrode and the channel formation
region relating to the second gate electrode and the third gate
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electrode are positioned in series between the source elec-
trode and the drain electrode, the transistor 490 is turned on
only when Vg1>Vthl and Vg3>Vth23 (Vg2) are satisfied.

Note that the voltage Vgl of the first gate electrode is a
difference in potential between the first gate electrode and the
source or drain electrode, the voltage Vg2 of the second gate
electrode is a difference in potential between the second gate
electrode and the source or drain electrode, and the voltage
Vg3 of the third gate electrode is a difference in potential
between the third gate electrode and the source or drain elec-
trode.

The transistor 490 with the above-described structure may
include a channel formation region (also referred to as “chan-
nel formation region C”) that is controlled by not the second
gate electrode but the third gate electrode. When the voltage
Vg3 of the third gate electrode becomes higher than or equal
to Vth3, a channel is formed or carriers are induced in the
channel formation region C. Furthermore, the transistor 490
with the above-described structure may include a channel
formation region (also referred to as “channel formation
region D”) that is controlled by the first gate electrode and the
third gate electrode. In the case where the voltage of the first
gate electrode is Vg1, when the voltage Vg3 of the third gate
electrode becomes higher than or equal to a predetermined
potential, a channel is formed or carriers are induced in the
channel formation region D. This is the case where
Vg3>Vth13 (Vgl) is satisfied. Here, Vth13 (Vgl) is a voltage
depending on the voltage Vgl of the first gate electrode.

In the case where the transistor 490 includes the channel
formation region C, when Vg1>Vthl and Vg3>Vth23 (Vg2)
are satisfied, operation voltages are selected so as to satisfy
the relation, Vg3>Vth3. Furthermore, in the case where the
transistor 490 includes the channel formation region D, when
Vgl1>Vthl and Vg3>Vth23 (Vg2) are satisfied, operation
voltages are selected so as to satisfy the relation, Vg3>Vth13
(Vgl). That is, the transistor 490 is on when Vg1>Vthl and
Vg3>Vth23 (Vg2) are satisfied and is oft in the other cases.
As described later, selection of such operation voltages is
possible.

Inthe above-described case, it can be said that the transistor
490 has a function equivalent to that of a circuit in which two
transistors, a transistor having the threshold voltage Vthl
(also referred to as a transistor 490_1) and a transistor having
the threshold voltage Vth23 (also referred to as a transistor
490_23), are connected in series.

In the memory cell 500, the transistor 491 is a transistor
that controls the supply of a potential to the floating node FN.
In other words, the transistor 491 is a transistor that stores and
releases charges in and from the floating node FN. The tran-
sistor 491 is a transistor having a writing function. The tran-
sistor 490 turns on or off depending on the potential VF of the
floating node FN, the potential VR of the read word line RW,
and the potential VS of the selection word line SW. The source
or drain electrode of the transistor 490 is brought to have a
predetermined potential in accordance with the potential VF
of'the floating node FN, the potential VR of the read word line
RW, and the potential VS of the selection word line SW, in
some cases. For example, the source or drain electrode has a
potential of VF-Vth23 (VR), in some cases. By the detection
of'such a state, data held in the memory cell 500 can be read.
The transistor 490 is a transistor having a reading function.

A signal that controls the conduction state of the transistor
491 is supplied to the write word line WW. A signal that
controls the conduction state of the transistor 490 is supplied
to the read word line RW and the selection word line SW. A
signal that controls the conduction state of the transistor 490
is supplied to the read word line RW under the influence of the
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potential of the floating node FN. A signal that controls the
conduction state of the transistor 490 is supplied to the selec-
tion word line SW under little or no influence of the potential
of'the floating node FN. Signals that control the potentials of
the one and the other of the source electrode and the drain
electrode of the transistor 490 are supplied to the source line
SL and the bit line BL, respectively. An output signal from the
memory cell 500 is supplied to the bit line BL. In this case,
data read from the memory cell 500 is supplied to the bit line
BL. Alternatively, a potential supplied to the floating node FN
when the transistor 491 is on is supplied to the bit line BL.. In
this case, data written into the memory cell 500 is supplied to
the bit line BL.

The transistor 490 may be either of an n-channel type or of
a p-channel type. The transistor 491 may be of an n-channel
type or a p-channel type.

As the transistor 491, a transistor with a small drain current
in an off state (also referred to as a leakage current) can be
used. For example, the drain current in an off state is 1x107%
A or lower, preferably 1x107" A or lower, further preferably
1x1072* A or lower at room temperature (approximately 25°
C.), or 1x107" A or lower, preferably 1x107*® A or lower,
further preferably 1x10~2" A or lower at 85° C. For example,
a transistor including an oxide semiconductor (preferably an
oxide including In, Ga, and Zn) in its channel formation
region (also referred to as a transistor including an oxide
semiconductor in the following description) can be used.

By using a transistor with a small leakage current as the
transistor 491, charges accumulated in the floating node FN
can be held for a long time. That is, the memory cell 500 has
a function of a memory circuit capable of holding data for a
long time without supply of power. In other words, the
memory cell 500 has a function of a nonvolatile memory
circuit.

Transistors with high withstand voltage, that is, transistors
with high gate withstand voltage or high drain withstand
voltage, can be used as the transistors 490 and 491. For
example, transistors including a gate insulator with a thick-
ness of 5 mm or more, preferably 7 nm or more, further
preferably 10 nm or more can be used. Transistors including
a semiconductor having an energy gap of 2.5 eV or more and
4.2 eV or less, preferably 2.8 eV or more and 3.8 eV or less,
further preferably 3 eV or more and 3.5 eV or less in their
channel formation regions can be used. For example, transis-
tors including an oxide semiconductor (preferably an oxide
including In, Ga, and Zn) in their channel formation regions
can be used.

By using transistors with high withstand voltage as the
transistors 490 and 491, a higher potential can be held in the
floating node FN. The memory cell 500 can store further
multilevel states or much more data by holding a wide range
of potentials from a low potential to a high potential in the
floating node, in which case higher storage density can be
achieved. For example, when 32 states can be stored in the
floating node FN, the memory cell 500 can store 32-level
data.

The transistor 490 and the transistor 491 may be stacked.
The transistor 490 and the transistor 491 may be arranged so
as to overlap with each other. In such a case, the memory cell
500 can be reduced in size.

An expression “a transistor A and a transistor B overlap
with each other” means that at least part of a gate electrode, a
drain electrode (or a drain region), or a source electrode (or a
source region) of the transistor A overlaps with part of a gate
electrode, a drain electrode (or a drain region), or a source
electrode (or a source region) of the transistor B. The expres-
sion also means that a region including the gate electrode, the
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drain electrode (or the drain region), or the source electrode
(or the source region) of the transistor A at least partly over-
laps with a region including the gate electrode, the drain
electrode (or the drain region), or the source electrode (or the
source region) of the transistor B. Furthermore, the expres-
sion also means that a region including any of components of
the transistor A at least partly overlaps with a region including
any of components of the transistor B.

Next, a memory cell in which the transistor 490 and the
transistor 491 are stacked will be described with reference to
FIGS. 2A to 2C and FIG. 3.

Note that in FIGS. 2A to 2C and FIG. 3, some components
such as an insulator are omitted for easy understanding, and a
conductor or the like formed in the same layer are shown with
the same hatching pattern.

FIGS. 2A to 2C are plan views illustrating an example of
the structure of the memory cell 500. FIG. 2A is the plan view
of'a region including the bit line BL, FIG. 2B is the plan view
of a region including the transistor 491, and FIG. 2C is the
plan view of a region including the transistor 490. A region
501 is the region occupied by the memory cell 500.

FIG. 3 is a cross-sectional view illustrating an example of
the structure of the memory cell 500. A cross section taken
along dashed-dotted line A1-A2 in FIGS. 2A to 2C is shown
on the left side of FIG. 3, a cross section taken along dashed-
dotted line B1-B2 in FIGS. 2A to 2C is shown in the center in
FIG. 3, and a cross section taken along dashed-dotted line
C1-C2 in FIGS. 2A to 2C is shown on the right side of FIG. 3.

The memory cell 500 illustrated in FIGS. 2A to 2C and
FIG. 3 includes the transistor 490 and the transistor 491 and
forms the circuit illustrated in FIG. 1. Here, as an example,
description is made on the assumption that the transistor 490
and the transistor 491 are transistors including an oxide semi-
conductor (preferably an oxide including In, Ga, and Zn) in
their channel formation regions.

The memory cell 500 illustrated in FIG. 3 includes a sub-
strate 400, an insulator 442 over the substrate 400, the tran-
sistor 490 over the insulator 442, an insulator 444 over the
transistor 490, and the transistor 491 over the insulator 444.
Note that the insulators 442 and 444 preferably have a func-
tion of blocking oxygen and hydrogen.

The substrate 400 may be a semiconductor substrate
including a single-material semiconductor of silicon, germa-
nium, or the like or a compound semiconductor of silicon
carbide, silicon germanium, gallium arsenide, gallium
nitride, indium phosphide, zinc oxide, gallium oxide, or the
like, for example. For the semiconductor substrate, an amor-
phous semiconductor or a crystalline semiconductor may be
used, and examples of the crystalline semiconductor include
asingle crystal semiconductor, a polycrystalline semiconduc-
tor, and a microcrystalline semiconductor. Alternatively, the
substrate 400 may be a glass substrate. Further alternatively,
the substrate 400 may be an element substrate in which a
semiconductor element is formed on a semiconductor sub-
strate or a glass substrate.

The transistor 490 includes conductors 421a and 42154, an
insulator 432 over the conductors 421a and 4215, semicon-
ductors 406a, 4065, and 406¢ over the insulator 432, an
insulator 411 over the semiconductors, a conductor 426 over
the insulator 411, and conductors 416a and 4165 connected to
the semiconductors.

Specifically, the transistor 490 includes the conductors
421a and 4215, the insulator 432 over the conductors 421a
and 4215, the semiconductor 406a over the insulator 432, the
semiconductor 4065 over the semiconductor 4064, the con-
ductors 416a and 4165 in contact with a top surface of the
semiconductor 4065, the semiconductor 406¢ in contact with
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a side surface of the semiconductor 406a, top and side sur-
faces of the semiconductor 4065, top and side surfaces of the
conductor 416a, and top and side surfaces of the conductor
4165, the insulator 411 over the semiconductor 406¢, and the
conductor 426 over the insulator 411.

As illustrated in FIG. 3, the conductor 426 electrically
surrounds the semiconductor 4065 in the channel width direc-
tion, that is, surrounds not only the top surface but also the
side surfaces of the semiconductor 4065. Such a transistor
structure is referred to as a surrounded channel (s-channel)
structure. The conductor 426 preferably reaches below the
semiconductor 4065.

The conductors 416a and 4165 function as the source elec-
trode and the drain electrode of the transistor 490. The insu-
lator 411 functions as a gate insulator of the transistor 490.
The conductor 426 functions as the third gate electrode of the
transistor 490. The insulator 432 functions as a gate insulator
of'the transistor 490. The conductors 421a and 4215 function
as the second gate electrode and the first gate electrode of the
transistor 490, respectively.

In the transistor 490 illustrated in FIGS. 2A to 2C and FIG.
3, the conductor 421a and the conductor 426 partly overlap
with each other with the semiconductor 4065 therebetween.
In the overlap region, the conduction state of the transistor
490 can be controlled under the influence of the potential of
the floating node FN. Furthermore, in the transistor 490, there
is a region where the conductor 4215 does not overlap with
the conductor 426 with the semiconductor 4065 therebe-
tween. In the non-overlap region, the conduction state of the
transistor 490 can be controlled with little or no influence of
the potential of the floating node FN.

In the transistor 490, when seen from the above, the entire
region where the conductor 421a overlaps with the semicon-
ductor 4065 overlaps with the conductor 426. If there is a
non-overlap region here, when the conduction state of the
transistor 490 is controlled by the conductor 421a, the tran-
sistor 490 might be unintentionally brought into a non-con-
ducting state; thus, malfunction might be caused. In the tran-
sistor 490, the conductor 426 includes a region that does not
overlap with the conductor 421a with the semiconductor
4065 therebetween. Even in the case where the conductor 426
has a region that does not overlap with the conductor 421a,
operation that does not cause an unintentional non-conduct-
ing state of the transistor 490 is possible when the conduction
state of the transistor 490 is controlled by the conductor 421a4.
The region where the conductor 426 does not overlap with the
conductor 421q is preferably as small as possible. Further-
more, when seen from the above, an edge of the conductor
426 and an edge of the conductor 421a may be aligned with
each other with the semiconductor 4065 therebetween.

Moreover, in the transistor 490, the conductor 426 and the
conductor 4215 are arranged with a distance therebetween
when seen from the above. However, the distance between the
conductor 426 and the conductor 4215 is preferably as short
as possible because the resistivity of the transistor 490 in a
conducting state might become high by the distance. The
distance between the conductor 426 and the conductor 4215
is, for example, shorter than or equal to the distance between
the conductor 421a and the conductor 4215, preferably
shorter than or equal to half'the distance between the conduc-
tor 4214 and the conductor 4215. Note that the conductor 426
and the conductor 4215 may be arranged with no distance
therebetween; in other words, the conductor 426 and the
conductor 4215 may partly overlap with each other with the
semiconductor 4065 therebetween in the transistor 490. Even
if there is such an overlap, operation that does not cause an
unintentional non-conducting state of the transistor 490 is
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possible when the conduction state of the transistor 490 is
controlled by the conductor 4215. The region where the con-
ductor 426 overlaps with the conductor 4215 is preferably as
small as possible. The width of the region where the conduc-
tor 426 overlaps with the conductor 4215 is, for example,
shorter than or equal to the distance between the conductor
421a and the conductor 4215 and preferably shorter than or
equal to halfthe distance between the conductor 421a and the
conductor 4215. When seen from the above, an edge of the
conductor 426 and an edge of the conductor 4215 may be
aligned with each other with the semiconductor 4064 ther-
ebetween.

In the transistor 490 illustrated in FIGS. 2A to 2C and FIG.
3, the semiconductor 4065 includes a second region not over-
lapping with the conductor 4164, not overlapping with the
conductor 4165, and overlapping with the conductor 421a
when seen from the above; a first region not overlapping with
the conductor 4164, not overlapping with the conductor 4165,
and overlapping with the conductor 4215 when seen from the
above; and a third region not overlapping with the conductor
416a, not overlapping with the conductor 4165, and overlap-
ping with the conductor 426 when seen from the above. The
second region and the third region partly overlap with each
other. In this overlap region between the second region and
the third region, the conduction state of the transistor 490 can
be controlled depending on the potential of the floating node
FN. The first region includes a region not overlapping with the
third region. In this non-overlap region, the conduction state
of the transistor 490 can be controlled independent of the
potential of the floating node FN.

The second region is smaller than the third region. The
second region is included in the third region. If the second
region includes a region that is not included in the third
region, when the conduction state of the transistor 490 is
controlled by the conductor 4214, the transistor 490 might be
unintentionally brought into a non-conducting state; thus,
malfunction might be caused. The third region includes a
region not overlapping with the second region. Even though
such a non-overlap region is included, operation that does not
cause an unintentional non-conducting state of the transistor
490 is possible when the conduction state of the transistor 490
is controlled by the conductor 421a. The region where the
second region and the third region do not overlap with each
other is preferably as small as possible for a reduction in area.
An edge of the third region and an edge of the second region
may be aligned with each other.

The first region and the third region are arranged with a
distance therebetween. However, the distance between the
first region and the third region is preferably as short as
possible because the resistivity of the transistor 490 in a
conducting state might become high by the distance. The
distance between the first region and the third region is, for
example, shorter than or equal to the distance between the
conductor 421a and the conductor 4215, preferably shorter
than or equal to half the distance between the conductor 421a
and the conductor 4215. Note that the first region and the third
region may be arranged with no distance therebetween; in
other words, the first region and the third region may partly
overlap with each other in the transistor 490. Even if there is
such an overlap, operation that does not cause an uninten-
tional non-conducting state of the transistor 490 is possible
when the conduction state of the transistor 490 is controlled
by the conductor 4215. The region where the first region and
the third region overlap with each other is preferably as small
as possible for a reduction in area. The area of the region
where the first region and the third region overlap with each
other is smaller than the area of the first region, preferably
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smaller than or equal to 50%, further preferably smaller than
or equal to 25% of the area of the first region. An edge of the
first region and an edge of the third region may be aligned
with each other.

With the above-described structure, the transistor 490
including the first gate electrode, the second gate electrode,
and the third gate electrode can be formed in a small region,
leading to an area reduction of a memory cell.

The transistor 491 includes a semiconductor 407a, a semi-
conductor 4075 over the semiconductor 407a, conductors
417a and 4175 in contact with a top surface of the semicon-
ductor 407h, a semiconductor 407¢ in contact with side sur-
faces of the semiconductor 407a, top and side surfaces of the
semiconductor 4075, top and side surfaces of the conductor
417a, and top and side surfaces of the conductor 4175, an
insulator 412 over the semiconductor 407¢, and a conductor
427 over the insulator 412.

The conductors 417a and 4175 function as the source elec-
trode and the drain electrode of the transistor 491. The insu-
lator 412 functions as a gate insulator of the transistor 491.
The conductor 427 functions as the gate electrode of the
transistor 491.

The conductor 427 electrically surrounds the semiconduc-
tor 4075 in the channel width direction, that is, surrounds not
only the top surface but also the side surfaces of the semicon-
ductor 4075. That is, the transistor 491 has an s-channel
structure.

When the transistor 490 is the transistor including the
semiconductors 406a, 4065, and 406¢ as illustrated in FIG.
2C and FIG. 3, excellent characteristics described below can
be obtained. Specifically, excellent subthreshold characteris-
tics and an extremely low off-state current can be obtained.
Furthermore, with a miniaturized transistor, a memory cell
with reduced area can be obtained. By using the transistor
including the semiconductors 407a, 4075, and 407¢ illus-
trated in FIG. 2B and FIG. 3 as the transistor 491, the tran-
sistor 491 can also have excellent characteristics like the
transistor 490.

When the transistor 490 is an accumulation-type transistor
whose majority carriers are electrons, an electric field extend-
ing from regions of the semiconductor 4065 that are in contact
with the source electrode and the drain electrode to the chan-
nel formation region is blocked within a short distance; thus,
carriers can be easily controlled with a gate electric field even
when the channel is short. Accordingly, favorable electrical
characteristics can be obtained even when the transistor is
miniaturized.

Unlike the case of using a semiconductor substrate as a
channel formation region, in the case where the transistor is
formed over an insulating surface, parasitic capacitance is not
formed between the gate electrode and the body or the semi-
conductor substrate and thus, carriers can be easily controlled
with a gate electric field. Accordingly, favorable electrical
characteristics can be obtained even when the transistor is
miniaturized.

By employing the s-channel structure, channel formation
region controllability by a gate electric field from the side
surface side of the semiconductor 4065 becomes easy. In the
structure where the conductor 426 reaches below the semi-
conductor 4065, higher controllability can be achieved. Con-
sequently, the subthreshold swing (also referred to as S value)
of the transistor 490 can be decreased, so that the current of
the transistor 490 in an off state can be decreased.

By employing the s-channel structure, favorable electrical
characteristics can be obtained even when the transistor is
miniaturized. A semiconductor device including the minia-
turized transistor can have a high integration degree and high
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density. For example, the channel length of the transistor 490
is preferably less than or equal to 40 nm, further preferably
less than or equal to 30 nm, still further preferably less than or
equal to 20 nm and the channel width of the transistor 490 is
preferably less than or equal to 40 nm, further preferably less
than or equal to 30 nm, still further preferably less than or
equal to 20 nm.

By employing the s-channel structure, a channel might be
formed in the entire semiconductor 4065 (bulk). As the semi-
conductor 4065 has a larger thickness, the channel formation
region becomes larger. For example, the semiconductor 4065
has a region with a thickness of greater than or equal to 20 nm,
preferably greater than or equal to 40 nm, further preferably
greater than or equal to 60 nm, still further preferably greater
than or equal to 100 nm. Note that the semiconductor 4065
has a region with a thickness of, for example, less than or
equal to 300 nm, preferably less than or equal to 200 nm,
further preferably less than or equal to 150 nm because the
productivity of the semiconductor device might be decreased.
With this structure in the s-channel structure, a large amount
of current can flow between the source and the drain of the
transistor, so that a high current in an on state (on-state cur-
rent) can be achieved.

In the transistor 490 illustrated in FIG. 3, the conductors
416a and 41654 are not in contact with the side surfaces of the
semiconductor 4065. Thus, in this structure, an electric field
applied from the conductor 426 functioning as a gate elec-
trode to the side surfaces of the semiconductor 4065 is less
likely to be blocked by the conductors 4164 and 4165. More-
over, the conductors 416a and 4165 are not in contact with a
top surface of the insulator 432. Thus, excess oxygen (0Xy-
gen) released from the insulator 432 is not consumed to
oxidize the conductors 416a and 4165. Accordingly, excess
oxygen (oxygen) released from the insulator 432 can be effi-
ciently used to reduce oxygen vacancies in the semiconductor
4065.

Since the transistor 490 has a high resistance to short-
channel effects, it can have a thicker gate insulator than con-
ventional transistors including silicon or the like. For
example, a minute transistor having channel length and width
of 50 nm or less can have a gate insulator with a thickness of
5 nm or more, preferably 7 nm or more, further preferably 10
nm or more. When the gate insulator is thick, a leakage
current through the gate insulator might be reduced, which
improves retention characteristics of the memory cell. When
the gate insulator is thick, the withstand voltage of the gate
insulator can be increased, so that the transistor can be driven
at a higher gate voltage. Thus, high voltage can be held by the
floating node and more states can be held, increasing storage
density.

At least part (or all) of the conductor 416a (and/or the
conductor 416b) is in contact with at least part (or all) of a
surface, a side surface, a top surface, and/or a bottom surface
of'a semiconductor layer, e.g., the semiconductor 4065. The
contact region of the semiconductor 4065, in which donor
levels are formed by entry of hydrogen into oxygen vacancy
sites in some cases, becomes an n-channel conductive region.
Note that a state in which hydrogen enters oxygen vacancy
sites is denoted by VoH in some cases. Because of current
flow in the n-channel conductive region, a high on-state cur-
rent can be achieved.

In addition, as the oxide semiconductor, a c-axis aligned
crystalline oxide semiconductor (CAAC-OS) described later
is preferably used. A CAAC-OS is an oxide semiconductor
having a plurality of c-axis aligned crystal parts. In particular,
CAAC proportion described later is preferably increased. The
CAAC proportion is the proportion of a region where a dif-
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fraction pattern of a CAAC-OS is observed in a predeter-
mined area. By increasing the CAAC proportion, defects can
be reduced in some cases, or carrier scattering can be reduced
in some cases. A CAAC-OS with few impurities can be
achieved, so that extremely low off-state current characteris-
tics can be achieved, for example. In the case of a high quality
CAAC-0S, for example, the CAAC proportion is higher than
or equal to 50%, preferably higher than or equal to 80%,
further preferably higher than or equal to 90%, still further
preferably higher than or equal to 95% and lower than or
equal to 100%.

Furthermore, it is effective to reduce the concentration of
impurities in the semiconductor 4065 to make the oxide semi-
conductor intrinsic or substantially intrinsic. The term “sub-
stantially intrinsic” refers to the state where an oxide semi-
conductor has a carrier density lower than 1x10'7/cm?,
preferably lower than 1x10*%/cm?>, further preferably lower
than 1x10*%/cm’. In the oxide semiconductor, hydrogen,
nitrogen, carbon, silicon, and a metal element other than main
components of the oxide semiconductor are impurities. For
example, hydrogen and nitrogen form donor levels to increase
the carrier density.

A transistor including a substantially intrinsic oxide semi-
conductor has a low carrier density and thus, the transistor
rarely has negative threshold voltage. In addition, because of
few carrier traps in the oxide semiconductor, the transistor
including the oxide semiconductor has a small variation in
electrical characteristics and high reliability. Furthermore,
the transistor including the oxide semiconductor can make
the off-state current extremely low.

For example, the drain current at the time when the tran-
sistor including the oxide semiconductor is off can be less
than or equal to 1x107'® A, preferably less than or equal to
1x1072! A, further preferably 1x107>* A at room temperature
(approximately 25° C.); or less than or equal to 1x107'% A,
preferably 1x107'® A, further preferably less than or equal to
1x107>" A at85° C. The off state of a transistor refers to a state
where the gate voltage is lower than the threshold voltage in
an n-channel transistor. Specifically, when the gate voltage is
lower than the threshold voltage by 1 V or more, 2V or more,
or 3 V or more, the transistor is off.

Note that the above-described three-layer structure is an
example. For example, a two-layer structure without the
semiconductor 406a or the semiconductor 406¢ may be
employed. A four-layer structure in which any one of the
semiconductors described as examples of the semiconductors
406a, 4065, and 406¢ is provided under or over the semicon-
ductor 4064 or under or over the semiconductor 406¢ may be
employed. An n-layer structure (n is an integer of five or
more) in which any one of the semiconductors described as
examples of the semiconductors 406a, 4065, and 406¢ is
provided at two or more of the following positions: over the
semiconductor 4064, under the semiconductor 406a, over the
semiconductor 406¢, and under the semiconductor 406¢, may
be employed.

Next, a stacked structure of the transistors will be described
with reference to the cross-sectional view of the memory cell
500 in FIG. 3.

The memory cell 500 illustrated in FIG. 3 includes the
substrate 400, the insulator 442 over the substrate 400, the
transistor 490 over the insulator 442, an insulator 452 over the
transistor 490, an insulator 462 over the insulator 452, the
insulator 444 over the insulator 462, an insulator 434 over the
insulator 444, the transistor 491 over the insulator 434, an
insulator 454 over the transistor 491, an insulator 464 over the
insulator 454, and a conductor 480 over the insulator 464.
Openings are provided in the insulators as necessary, and
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conductors are provided in the openings. A plurality of con-
ductors are connected as necessary through the conductors.
Another one or plurality of layers of insulators or conductors
may be further provided over the conductor 480.

The conductor 480 includes a region functioning as the bit
line BL. The conductor 427 has a function of the gate elec-
trode of the transistor 491 and a function of the write word
line WW. The conductor 421a has a function of the gate
electrode of the transistor 490 and a function of the read word
line RW. The conductor 4215 has a function of the gate
electrode of the transistor 490 and a function of the selection
word line SW. Note that the conductor 4164 is connected to
the source line SL, (not shown). The one of the source elec-
trode and the drain electrode (the conductor 417a) of the
transistor 491 is electrically connected to the third gate elec-
trode (the conductor 426) of the transistor 490. The other of
the source electrode and the drain electrode (the conductor
416b) of the transistor 490 is electrically connected to the
other of the source electrode and the drain electrode (the
conductor 4175) of the transistor 491. The other of the source
electrode and the drain electrode (the conductor 4175) of the
transistor 491 is electrically connected to the bit line BL (the
conductor 480). In addition, the conductor 4174 and the con-
ductor 426 have a function of the floating node FN.

The transistor 491 is stacked over the transistor 490. The
channel formation region of the transistor 491 and the channel
formation region of the transistor 490 overlap with each other.

By stacking the transistor 490 and the transistor 491, the
memory cell 500 can be reduced in size. By overlapping the
transistor 490 and the transistor 491 with each other, the
memory cell 500 can be reduced in size.

With this structure, the transistor 490 whose respective
gate electrodes are connected to the read word line RW, the
selection word line SW, and the floating node FN can be
formed in a small region, so that the size of the memory cell
can be reduced. In particular, the conductors 4215 having a
function of the selection word lines SW, that is, the first gate
electrodes included in the transistors 490 in adjacent memory
cells connected to the same bit line BL. can be directly con-
nected to each other. By sharing the selection word line SW
between adjacent memory cells connected to the same bit
line, an area reduction is possible. Furthermore, the conduc-
tors 421a which are conductors having a function of the read
word lines RW, that is, the second gate electrodes included in
the transistors 490 in adjacent memory cells connected to the
same bit line BL can be directly connected to each other. By
sharing the read word line RW between adjacent memory
cells connected to the same bit line, an area reduction is
possible.

The insulator 432 is preferably an insulator containing
excess oxygen.

The insulator containing excess oxygen is an insulator
from which oxygen is released by heat treatment, for
example. Silicon oxide containing excess oxygen is silicon
oxide from which oxygen can be released by heat treatment or
the like, for example. Therefore, the insulator 432 is an insu-
lator in which oxygen can be moved. In other words, the
insulator 432 may be an insulator having an oxygen-transmit-
ting property. For example, the insulator 432 may be an
insulator having a higher oxygen-transmitting property than
the semiconductor positioned over the insulator 432.

The insulator containing excess oxygen has a function of
reducing oxygen vacancies in the semiconductor positioned
over the insulator, in some cases. Such oxygen vacancies
form DOS in the semiconductor and serve as hole traps or the
like. In addition, hydrogen comes into oxygen vacancy sites
and forms electrons serving as carriers, in some cases. Thus,
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by a reduction in oxygen vacancies in the semiconductor, the
transistor can have stable electrical characteristics.

The insulator 442 is provided between the substrate 400
and the transistor 490. As the insulator 442, an oxide contain-
ing aluminum, e.g., aluminum oxide, is used, for example.
The insulator 442 blocks oxygen and hydrogen, and alumi-
num oxide whose density is lower than 3.2 g/cm? is preferable
because it has a particularly high capability of blocking
hydrogen. Furthermore, aluminum oxide with low crystallin-
ity is preferable because its capability of blocking hydrogen is
particularly high.

For example, in the case where the substrate 400 is an
element substrate including a Si transistor, electrical charac-
teristics of the transistor are improved because dangling
bonds of silicon can be reduced by supplying hydrogen from
the outside, in some cases. The supply of hydrogen is per-
formed by, for example, providing an insulator containing
hydrogen in the vicinity of the Si transistor and performing
heat treatment to diffuse and supply the hydrogen to the Si
transistor.

For example, an insulator containing hydrogen may release
hydrogen, the amount of which is larger than or equal to
1x10'® atoms/cm?, larger than or equal to 1x10*° atoms/cm?,
or larger than or equal to 1x10%° atoms/cm® in thermal des-
orption spectroscopy (TDS) analysis (converted into the
number of hydrogen atoms) in the range of a surface tempera-
ture of 100° C. to 700° C. or 100° C. to 500° C.

Out of hydrogen diffused from the insulator containing
hydrogen, a small amount of hydrogen reaches the transistor
490 because the insulator 442 has a function of blocking
hydrogen. Hydrogen serves as carrier traps or carrier genera-
tion sources in an oxide semiconductor and causes deteriora-
tion of electrical characteristics of the transistor 490 in some
cases. Therefore, blocking hydrogen by the insulator 442 is
important to improve performance and reliability of the semi-
conductor device.

Moreover, for example, by supplying oxygen to the tran-
sistor 490 from the outside, oxygen vacancies in the oxide
semiconductor can be reduced; thus, electrical characteristics
of the transistor are improved in some cases. The supply of
oxygen may be performed by heat treatment in an atmosphere
containing oxygen, for example. Alternatively, for example,
an insulator containing excess oxygen (oxygen) may be pro-
vided in the vicinity of the transistor 490 and heat treatment
may be performed so that the oxygen may be diffused and
supplied to the transistor 490. Here, an insulator containing
excess oxygen is used as the insulator 432.

The diffused oxygen might reach the Si transistor through
layers; however, since the insulator 442 has a function of
blocking oxygen, the amount of oxygen which reaches the Si
transistor is small. The entry of oxygen into silicon might be
a factor of decreasing the crystallinity of silicon or inhibiting
carrier movement. Therefore, blocking oxygen by the insula-
tor 442 is important to improve performance and reliability of
the semiconductor device.

The insulator 452 is preferably provided over the transistor
490. The insulator 452 has a function of blocking oxygen and
hydrogen. For the insulator 452, the description of the insu-
lator 442 can be referred to, for example. Furthermore, for
example, the insulator 452 has a higher capability of blocking
oxygen and hydrogen than the semiconductor 406a and/or the
semiconductor 406¢.

When the semiconductor device includes the insulator 452,
outward diffusion of oxygen from the transistor 490 can be
suppressed. Accordingly, oxygen (excess oxygen) contained
in the insulator 432 or the like can be efficiently supplied to
the transistor 490. Since the insulator 452 blocks entry of



US 9,299,848 B2

21

impurities including hydrogen from layers above the insula-
tor 452 or the outside of the semiconductor device, deterio-
ration of electrical characteristics of the transistor 490 due to
entry of impurities can be suppressed.

Although in the above description, the insulator 442 and/or
the insulator 452 is described separately from the transistor
490 for convenience, the insulator 442 and/or the insulator
452 may be part of the transistor 490.

The insulator 434 is preferably an insulator containing
excess oxygen. For the insulator 434, the description of the
insulator 432 can be referred to, for example.

Furthermore, the insulator 444 is preferably an insulator
that blocks oxygen and hydrogen. For the insulator 444, the
description of the insulator 442 can be referred to, for
example.

Moreover, the insulator 454 is preferably an insulator that
blocks oxygen and hydrogen. For the insulator 454, the
description of the insulator 452 can be referred to, for
example.

In this embodiment, although transistors including an
oxide semiconductor in their channel formation regions can
be used as the transistors 490 and 491 for example, one
embodiment of the present invention is not limited to this
example. For example, depending on circumstances or con-
ditions, the transistor 490 may include Si (silicon), Ge (ger-
manium), SiGe (silicon germanium), GaAs (gallium ars-
enide), or the like in a channel formation region, the vicinity
of the channel, a source region, a drain region, or the like.

In this specification and the like, a transistor such as the
transistor 490 or 491 can be formed using any of a variety of
substrates, for example. The type of a substrate is not limited
to a certain type. As the substrate, a semiconductor substrate
(e.g., a single crystal substrate or a silicon substrate), an SOI
substrate, a glass substrate, a quartz substrate, a plastic sub-
strate, a metal substrate, a stainless steel substrate, a substrate
including stainless steel foil, a tungsten substrate, a substrate
including tungsten foil, a flexible substrate, an attachment
film, paper including a fibrous material, a base material film,
or the like can be used, for example. As an example of a glass
substrate, a barium borosilicate glass substrate, an alumi-
noborosilicate glass substrate, a soda lime glass substrate, or
the like can be given. Examples of the flexible substrate, the
attachment film, the base material film, and the like are sub-
strates of plastics typified by polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), and polyether sul-
fone (PES). Another example is a synthetic resin such as an
acrylic resin. Alternatively, polypropylene, polyester, polyvi-
nyl fluoride, polyvinyl chloride, or the like can be used. Other
examples are polyamide, polyimide, aramid, epoxy, an inor-
ganic vapor deposition film, paper, and the like. In particular,
when a transistor is formed using a semiconductor substrate,
a single crystal substrate, an SOI substrate, or the like, the
transistor can have few variations in characteristics, size,
shape, or the like, high current supply capability, and a small
size. Forming a circuit with the use of such transistors leads to
a reduction in power consumption of the circuit or high inte-
gration of the circuit.

Alternatively, a flexible substrate may be used as the sub-
strate such that the transistor may be provided directly on the
flexible substrate. Still alternatively, a separation layer may
be provided between the substrate and the transistor. The
separation layer can be used when part or the whole of a
semiconductor device formed over the separation layer is
separated from the substrate and transferred onto another
substrate. In such a case, the transistor can be transferred onto
a substrate having low heat resistance or a flexible substrate as
well. Forthe above-described separation layer, a stack includ-
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ing inorganic films, which are a tungsten film and a silicon
oxide film, or an organic resin film of polyimide or the like
formed over a substrate can be used, for example.

In other words, after the transistor is formed using a sub-
strate, the transistor may be transferred onto another sub-
strate. Example of the substrate onto which the transistor is
transferred are, in addition to the above-described substrates
over which the transistor can be formed, a paper substrate, a
cellophane substrate, an aramid film substrate, a polyimide
film substrate, a stone substrate, a wood substrate, a cloth
substrate (including a natural fiber (e.g., silk, cotton, or
hemp), a synthetic fiber (e.g., nylon, polyurethane, or poly-
ester), a regenerated fiber (e.g., acetate, cupra, rayon, or
regenerated polyester), and the like), a leather substrate, and
a rubber substrate. The use of such a substrate enables for-
mation of a transistor with excellent characteristics, a transis-
tor with low power consumption, or a device with high dura-
bility, high heat resistance, or reduced weight or thickness.

Next, the operation of the memory cell 500 illustrated in
FIG. 1 will be described with reference to FIGS. 4A to 4D,
FIG. 5, FIG. 6, and FIG. 7.

An example in which the transistor 490 and the transistor
491 are n-channel transistors will be described below. The
transistor 490 may be a p-channel transistor. Furthermore, the
transistor 491 may be a p-channel transistor.

FIGS. 4A to 4D illustrate voltages used in the operation of
the memory cell 500. Here the case where the floating node
FN stores k kinds of states (k is an integer of two or more) is
assumed. FIGS. 4A, 4B, 4C, and 4D illustrate the potential of
the floating node FN, the potential of the write word line WW,
the potential of the read word line RW, and the potential of the
selection word line SW, respectively.

As described above, there exist at least two threshold volt-
ages in the transistor 490, that is, the threshold voltage Vthl
relating to the first gate electrode and the threshold voltage
Vth23 relating to the second gate electrode and the third gate
electrode. In the operation of the memory cell 500, the tran-
sistor 490 has a function equivalent to the function of a circuit
in which two transistors, that is, a transistor having the thresh-
old voltage Vthl1 (the transistor 490_1) and a transistor having
the threshold voltage Vth23 (the transistor 490_23), are con-
nected in series. In other words, only when both the transistor
490_1 and the transistor 490_23 are on, the transistor 490 is
on.

In FIGS. 4A to 4D, the state “Write” shows a state where
the transistor 491 is on and a potential of the bit line BL is
supplied to the floating node FN. To the floating node FN, a
potential V(i) (i is an integer of one or more and k or less) is
supplied. The state where V(i) is supplied is referred to as the
i-th state. Here, the following is satisfied: V(1))<V(i+1) (iis an
integer of one or more and (k-1) or less). In FIG. 4A, the
range of potentials higher than or equal to VF(1) and lower
than or equal to VF(k) is shown by a hatching pattern. VW_H
is supplied to the WW, so that the transistor 491 is turned on
regardless of the k kinds of states. Preferably, VW_H is higher
than VF(k) by Vth(491) or more. Thatis, VW_H>VF(k)+Vth
(491) is preferably satisfied. Here, Vth(491) is the threshold
voltage of the transistor 491. In this way, even when the
maximum potential VF(k) is supplied to the FN; the transistor
491 can keep the on state. The potential VR _0 is the potential
supplied to the RW in writing. In addition, VS_0 is supplied
to the SW to turn off the transistor 490_1. That is, VS_01is the
voltage satisfying VS_0<Vthl.

In FIGS. 4A to 4D, the state “Standby” is a state where the
potential of the floating node FN is held. VR_0 is supplied to
the RW. VW_0 is supplied to the WW, so that the transistor
491 is turned off regardless of the k kinds of states. Evenin the
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first state, VW_0 is a potential that brings the transistor 491
into an off state or a potential that makes a drain current of the
transistor 491 small enough. Note that the potential of the
floating node FN immediately after the writing may vary from
the potential written to the floating node FN to some extent
owing to a gate-drain capacitance (or a gate-source capaci-
tance) of the transistor 491. Furthermore, VS_0 is supplied to
the SW, and the transistor 490_1 is off.

In FIGS. 4A to 4D, the state “Off” is a state where the
transistor 490_23 is oft regardless of the k kinds of states. The
state “Off” is used for a memory cell where reading is not
performed during reading operation, in some cases. VR_L is
supplied to the RW, so that the transistor 490_23 is brought
into an off state even in the k-th state. That is, VR_L is a
potential satisfying VF, (VR_L)<Vth23 (VR_L). Here, the
potential of the floating node FN in the i-th state when the
potential VR is supplied to the RW is referred to as VF, (VR).
Moreover, VW_L is supplied to the WW to bring the transis-
tor 491 into an off state. VW_L is a potential that brings the
transistor 491 into an off state or a potential that makes a drain
current of the transistor 491 small enough even in the first
state with a low potential when VR_L is supplied to the RW.
Note that the potential of the SW may be either lower than or
higher than the threshold voltage Vth1 of the transistor 490_1.
In either case, the transistor 490 is brought into an off state.

In FIGS. 4A to 4D, the state “Read (1)” is a state where the
transistor 490_23 is turned on in the k-th state and the tran-
sistor 490_23 remains offin the (k-1)-th state. In other words,
the state “Read (1)” is a state where the transistor 490_23 is
off when any of (k-1) kinds of potentials except the k-th state
is written. By supplying the potential VR(1) to the RW, such
a state is obtained. That is, VR(1) is a potential satisfying
VF . 1, (VR(1)<Vth23 (VR(1)<VF, (VR(1)). Furthermore,
VW_L is supplied to the WW to bring the transistor 491 into
an off state. VS_H is supplied to the SW to bring the transistor
490_1 into an on state. That is, VS_H is a voltage satisfying
VS_H>Vthl.

In FIGS. 4A to 4D, the state “Read (k-1)” is a state where
the transistor 490_23 is turned on in the case where VF(2) is
written and the transistor 490_23 remains off in the case
where VF(1) is written. In other words, the state “Read (k-1)"
is a state where the transistor 490_23 is on in the case where
any of (k-1) kinds of potentials except VF(1) is written. By
supplying a potential VR(k-1) to the RW, such a state is
obtained. That is, VR(k-1) is a potential satisfying VF, (VR
(k-1)<Vth23 (VR(k-1))<VF, (VR(k-1)). Furthermore,
VW_L is supplied to the WW to bring the transistor 491 into
an off state. VS_H is supplied to the SW to bring the transistor
490 _1 into an on state.

Note that the transistor 490 may be a transistor which is not
controlled by the second gate electrode and includes the chan-
nel formation region (the channel formation region C) con-
trolled by the third gate electrode. When the voltage Vg3 of
the third gate electrode exceeds Vth3, a channel is formed or
carriers are induced in the channel formation region C. In the
operation of the memory cell 500, when the transistor 490 is
on, Vg3 is adjusted so as to satisfy Vg3>Vth3. To satisfy this
relation in the state Read(i), the following relation is prefer-
ably satisfied: Vth3<Vth23 (VR()) G is 1 to (k-1)). For
example, in the case where an equation Vth23 (VR(i))=Vth23
(Vg2)-cx(VR(1)-Vg2) is satisfied, a channel can be formed
in the channel formation region C in the conducting state of
the transistor 490 by making VR(i) lower than the voltage
Vg2_0 of the second gate electrode of when Vth3 and Vth23
(Vg2_0) are equal. For example, when both the threshold
voltages are the same at Vg2 of 0V, by satisfying the condi-
tion VR(1)<0 V, the relation Vth3<Vth23 (VR(i)) can be sat-
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isfied. That is, when the transistor 490 is on, a channel is
formed in the channel formation region C.

Note that the transistor 490 may include the channel for-
mation region (also referred to as the channel formation
region D) controlled by the first gate electrode and the third
gate electrode. When a relation Vg3>Vth13(Vgl) is satisfied,
a channel is formed or carriers are induced in the channel
formation region D. In the operation of the memory cell 500,
when the transistor 490 is on, Vg3 is adjusted so as to satisfy
Vg3>Vth13(Vgl). To satisfy this relation in the state Read(i),
the following relation is preferably satisfied: Vth13 (VS_H)
<Vth23 (VR(@)) (i is 1 to (k-1)). For example, in the case
where an equation Vth23 (VR(1))=Vth23 (Vg2)-cx(VR()-
Vg2) and an equation Vth13 (VR(1))=Vthl3 (Vgl)-cx
(VS_H-Vgl) are satisfied, a channel can be formed in the
channel formation region D in the conducting state of the
transistor 490 by satisfying a relation VS_H-Vgl_0>VR(i)-
Vg2 0, where Vgl_0 and Vg2_0 are potentials of the first
gate electrode and the second gate electrode, respectively, of
when Vth23 is equal to Vth13. For example, when conditions
Vgl _0=Vg2 0 and VS_H>VR() are satisfied, the relation
Vth13 (VS_H)<Vth23 (VR(1)) can be satisfied. That is, when
the transistor 490 is on, a channel is formed in the channel
formation region D.

The semiconductor device of one embodiment of the
present invention may include a memory cell array in which
such memory cells 500 are arranged in array (in a matrix).

FIG. 5 illustrates part of the circuit configuration of the
memory cell array for explaining the operation of the memory
cells. FIG. 5 illustrates eight memory cells which are each
connected to the n-th bit line BL[n] or the (n+1)-th bit line
BL[n+1] and any one of the (m-1)-th word line WW[m-1] to
the (m+2)-th word line WW[m+2] in the memory cell array.

FIG. 5 illustrates eight memory cells in two rows and four
columns. The memory cells in the first row from the top in the
drawing are connected to the n-th bit line BL[n] in the
memory cell array, and the memory cells in the second row
are connected to the (n+1)-th bit line BL[n+1] in the memory
cell array. The memory cells in the first column from the left
in the drawing are connected to the (m-1)-th word line
WW[m-1] in the memory cell array, the memory cells in the
second column are connected to the m-th word line WW[m]
in the memory cell array, the memory cells in the third column
are connected to the (m+1)-th word line WW[m+1] in the
memory cell array, and the memory cell in the fourth column
are connected to the (m+2)-th word line WW[m+2] in the
memory cell array. The read word line RW[m-1, m] is con-
nected to the memory cells in the first and second columns
from the left in the drawing, and the read word line RW[m+1,
m+2] is connected to the memory cells in the third and fourth
columns. The selection word line SW[m-2, m-1] is con-
nected to the memory cells in the first column from the left in
the drawing, the selection word line SW[m, m+1] is con-
nected to the memory cells in the second and third columns,
and the selection word line SW[m+2, m+3] is connected to
the memory cells in the fourth column. Note that the source
line SL. may be shared by all the memory cells.

Note that the bit lines and the write word lines can be
provided so as to intersect with each other. Furthermore, the
write word lines, the read word lines, and the selection word
lines may be parallel to each other.

As illustrated in FIG. 5, in one embodiment of the present
invention, adjacent memory cells may share one read word
line RW. Furthermore, adjacent memory cells may share one
selection word line SW. In particular, when three adjacent
memory cells connected to the same bit line, a memory cell
(1), a memory cell (i+1), and a memory cell (i+2) (i is an
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integer of one or more) are assumed, the memory cell (i) and
the memory cell (i+1) may share the same read word line RW,
and the memory cell (i+1) and the memory cell (i+2) may
share the same selection word line SW.

Moreover, in a semiconductor device of one embodiment
of the present invention including adjacent first and second
memory cells, a first conductor, that is, the first gate electrode
of'the transistor 490 included in the first memory cell may be
electrically connected to a first conductor, that is, the first gate
electrode of the transistor 490 included in the second memory
cell.

Furthermore, in a semiconductor device of one embodi-
ment of the present invention including adjacent first and
second memory cells, a second conductor, that is, the second
gate electrode of the transistor 490 included in the first
memory cell may be electrically connected to a second con-
ductor, that is, the second gate electrode of the transistor 490
included in the second memory cell.

With the above-described configuration, the number of
signal lines can be reduced compared with the case where
different read word lines and selection word lines are con-
nected to respective memory cells. Consequently, the size of
the memory cells can be reduced. With this configuration, the
number of read word lines becomes approximately half the
number of write word lines. In addition, the number of selec-
tion word lines becomes approximately half the number of
write word lines. Accordingly, the number of signal lines per
memory cell is as follows: 1 bit line, 1 write word line,
approximately 0.5 read word lines, and approximately 0.5
selection word lines; approximately 3 lines in total.

FIG. 6 is a timing chart showing an example of writing
operation of the memory cell array illustrated in FIG. 5,
specifically, the example of writing four kinds of potentials
V1,V2,V3, and V4 (V1<V2<V3<V4)into four memory cells
which are connected to the bit line BL[n] or the bit line
BL[n+1] and connected to the write word line WW[m] or the
write word line WW[m+1] among the memory cells illus-
trated in FIG. 5. The states where V1, V2, V3, and V4 are
written are also referred to as a first state, a second state, a
third state, and a fourth state, respectively.

The timing chart of FIG. 6 consists of the part showing
periods p11 to p14 where data writing to the memory cells
connected to the WW/[m] is performed and the part showing
periods p15 to p18 where data writing to the memory cells
connected to the WW[m+1] is performed.

Note that the memory cells where writing is not performed
except for the memory cells illustrated in FIG. 5 are con-
trolled throughout the writing period as follows. VW_0 is
supplied to the write word lines WW connected to the
memory cells to bring the transistors 491 into a non-conduct-
ing state. VR_0 is supplied to the read word lines RW. VS_0
is supplied to the selection word lines SW to bring the tran-
sistors 490 into a non-conducting state. That is, the state
“Standby” is made.

Moreover, throughout the writing operation, a potential V0
is supplied to the source lines SL. (not shown).

Inthe period 11 in FIG. 6, VS_0 is supplied to the SW[m-2,
m-1] (not shown), VW_0 is supplied to the WW[m-1],VR_0
is supplied to the RW[m-1, m], VW_H is supplied to the
WW[m], VS_0 is supplied to the SW[m, m+1], VW_0 is
supplied to the WW[m+1], VR_0 is supplied to the RW[m+1,
m+2], VW_0 is supplied to the WW[m+2], and VS_0 is
supplied to the SW[m+2, m+3] (not shown). Consequently,
the selected memory cells, that is the memory cells connected
to the WW|[m] are brought into a state where writing is per-
formed (state “Write”). In the other memory cells, that is, the
memory cells connected to the WW[m-1], the WW[m+1],
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and the WW[m+2], writing is not performed (state
“Standby”). By supplying VS_0 to the selection word lines
SW, the transistors 490 in all the eight memory cells are
brought into a non-conducting state. A potential VB0 is sup-
plied to the bit lines BL[n] and BL[n+1]. The potential VB0
is, for example, a bit line potential in the standby state. For
example, the potential VB0 may be the same as the potential
V0 supplied to the source lines.

In the period p12 in FIG. 6, the potential V4 is supplied to
the bit line BL[n], and the potential V1 is supplied to the
BL[n+1]. The other wirings are held at the potentials in the
previous period. As a result, the potential V4 is supplied to the
FN of the selected memory cell connected to the bit line
BL[n], and V1 is supplied to the FN of the selected memory
cell connected to the bit line BL[n+1].

In the period p13 in FIG. 6, VW_0 is supplied to the write
word line WW|[m]. The other wirings are held at the potentials
in the previous period. As a result, the transistors 491 in the
selected memory cells connected to the write word line
WW/[m] are brought into a non-conducting state, and charges
accumulated in the floating nodes FN are held. That is, the
writing state is terminated. By maintaining the potentials of
the read word line RW[m-1, m], the selection word line
SW[m, m+1], the bit line BL[n], and BL[n+1] after the writ-
ing, stable writing can be performed. If these potentials vary
at the same time as the potential of the write word line
WW/[m] varies, the writing state might be affected.

Inthe period p14 in FIG. 6, the potential VB0 is supplied to
the bit lines BL[n] and BL[n+1]. The other wirings are held at
the potentials in the previous period. Thus, the writing opera-
tion of the memory cells connected to the write word line
WW][m] is finished.

Inthe period p15 in FIG. 6, VS_0 is supplied to the SW[m-
2, m-1] (not shown), VW_0 is supplied to the WW[m-1],
VR_0 is supplied to the RW[m-1, m], VW_0 is supplied to
the WW[m], VS_0 is supplied to the SW[m, m+1], VW_H is
supplied to the WW[m+1], VR_0 is supplied to the RW[m+1,
m+2], VW_0 is supplied to the WW[m+2], and VS_0 is
supplied to the SW[m+2, m+3] (not shown). Consequently,
the selected memory cells, that is the memory cells connected
to the WW[m+1] are brought into a state where writing is
performed (state “Write”). In the other memory cells, that is,
the memory cells connected to the WW[m-1], the WW[m],
and the WW[m+2], writing is not performed (state
“Standby”). By supplying VS_0 to the selection word lines,
the transistors 490 in all the eight memory cells are brought
into a non-conducting state. The potential VB0 is supplied to
the bit lines BL[n] and BL[n+1].

In the period p16 in FIG. 6, the potential V3 is supplied to
the bit line BL[n], and the potential V2 is supplied to the
BL[n+1]. The other wirings are held at the potentials in the
previous period. As a result, the potential V3 is supplied to the
FN of the selected memory cell connected to the bit line
BL[n], and V2 is supplied to the FN of the selected memory
cell connected to the bit line BL[n+1].

In the period p17 in FI1G. 6, VW_0 is supplied to the write
word line WW[m+1]. The other wirings are held at the poten-
tials in the previous period. As a result, the transistors 491 in
the selected memory cells connected to the write word line
WW[m+1] are brought into a non-conducting state, and
charges accumulated in the floating nodes FN are held. That
is, the writing state is terminated. The description of the
period p13 can be referred to.

Inthe period p18 in FIG. 6, the potential VB0 is supplied to
the bit lines BL[n] and BL[n+1]. The other wirings are held at
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the potentials in the previous period. Thus, the writing opera-
tion of the memory cells connected to the write word line
WW[m+1] is finished.

By the above-described data writing in the periods p11 to
p18, predetermined states are written into the selected
memory cells. Note that during the writing operation period,
the transistors 490 in the selected memory cells are off, and
the transistors 490 in unselected memory cells are also off.
Accordingly, even when the potential V0 supplied to the
source lines SL and the potential supplied to the bit lines BL.
are different, a current in an on state never flows through the
transistor 490.

FIG. 7 is a timing chart showing an example of reading
operation of the memory cell array illustrated in FIG. 5,
specifically, the example of reading four kinds of potentials
from four memory cells which are connected to the bit line
BL[n] orthe bitline BL[n+1] and connected to the write word
line WW[m] or the write word line WW[m+1] among the
memory cells illustrated in FIG. 5.

The timing chart of FIG. 7 is a timing chart in periods p31
to p39 where data held in the memory cells connected to the
WW/[m] is read and in periods p41 to p49 where data held in
the memory cells connected to the WW[m+1] is read. In
reading operation, to make the transistors 490 always off,
VW_L is supplied to the write word lines WW[m-1] to
WW[m+2] throughout the reading period. The following
description is made focusing on the read word lines and the
selection word lines.

Note that the memory cells where reading is not performed
except for the memory cells illustrated in FIG. 5 are con-
trolled throughout the reading period as follows. VW_0 is
supplied to the write word lines WW connected to the
memory cells to bring the transistors 491 into a non-conduct-
ing state. VR_0 is supplied to the read word lines RW. VS_0
is supplied to the selection word lines SW to bring the tran-
sistors 490 into a non-conducting state. That is, the state
“Standby” is made.

Moreover, throughout the reading operation, the potential
V0 is supplied to the source lines SL. (not shown).

Inthe period p31in FIG. 7, VS_0is supplied to the SW[m-
2, m-1] (not shown), VR_L is supplied to the RW[m-1, m],
VS_His supplied to the SW[m, m+1], VR_L is supplied to the
RW[m+1, m+2], and VS_0 is supplied to the SW[m+2, m+3]
(not shown). By supplying VR_L to the read word lines RW,
the transistors 490_23 in the eight memory cells can be
brought into an off state (state “Off”). Accordingly, the tran-
sistors 490 in the eight memory cells are all off. Furthermore,
VS_H is supplied to the selection word line SW[m, m+1] to
bring the transistors 490_1 in the four memory cells con-
nected to the SW[m, m+1] in an on state. Thus, in the fourth
memory cells connected to the SW[m, m+1], the conduction
state of the transistor 490 depends on the conduction state of
the transistor 490_23. A potential V. ;... is supplied to the
bit lines BL[n] and BL[n+1]. The period p31 is a precharge
period. The potential V... ;... is a precharge potential. After
the period p31, the bit lines BL[n] and BL[n+1] are brought
into a floating state.

In the period p32 in FIG. 7, VR(1) is supplied to the read
word line RW[m-1, m], so that the selected memory cells,
that is, the memory cells connected to both the RW[m-1, m]
and the SW[m, m+1] are brought into the state Read (1). In the
state Read (1), the transistor 490 is turned on in the case where
the fourth state is stored and remains off in the other cases.
Since the selected memory cell connected to the bit line BL[n]
stores the fourth state, the transistor 490 therein is brought
into an on state. Consequently, the bit line BL[n] in a floating
state is electrically connected to the source line SL through
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the transistor 490 in an on state. Then, the bit line BL[n] is
charged or discharged, so that the potential of the bit line
BL[n] changes from V,,, ... t© V0. Moreover, since the
selected memory cell connected to the bit line BL[n+1] stores
the first state, the transistor 490 therein is off. As a result, the
potential of the bit line BL[n+1] in a floating state is main-
tained.

In the period p33 in FIG. 7, VR_L is supplied to the read
word line RW[m-1, m], so that the transistors 490_23 in the
selected memory cells are brought into an off state (state
“Off”). Accordingly, the transistors 490 in the selected
memory cells are brought into an off state. Consequently, the
potentials in the previous period are held in the bit line BL[n]
and the bit line BL[n+1]. In the periods p32 and p33, by
detecting the potentials of the bit lines BL[n] and BL[n+1]
with a read circuit, reading can be performed.

The operation in the periods p34 to p36 in FIG. 7 is similar
to that in the periods p31 to p33 except that VR(2) is supplied
to the RW[m-1, m] instead of VR(1). When VR (2) is supplied
to the RW[m-1, m], the transistor 490 is on in the case where
the third state or the fourth state is stored in the selected
memory cell and is off in the other cases. Since the selected
memory cell connected to the bit line BL[n] stores the fourth
state, the transistor 490 therein is brought into an on state.
Since the selected memory cell connected to the bit line
BL[n+1] stores the first state, the transistor 490 therein is off.
As a result, in the period p35, the potential of the bit line
BL[n] changes from V... to V0. The potential of the bit
line BL[n+1] is maintained.

The operation in the periods p37 to p39 in FIG. 7 is similar
to that in the periods p31 to p33 except that VR(3) is supplied
to the RW[m-1, m] instead of VR(1). When VR (3) is supplied
to the RW[m-1, m], the transistor 490 is turned on in the case
where any of the second to fourth states is stored in the
selected memory cell and remains off in the case where the
first state is stored in the selected memory cell. Since the
selected memory cell connected to the bit line BL[n] stores
the fourth state, the transistor 490 therein is brought into an on
state. Since the selected memory cell connected to the bit line
BL[n+1] stores the first state, the transistor 490 therein is off
As a result, in the period p38, the potential of the bit line
BL[n] changes from V... to V0. The potential of the bit
line BL[n+1] is maintained.

The operation in the periods p41 to p43 in FIG. 7 is similar
to that in the periods p31 to p33 except that the potential of the
read word line RW[m-1, m] and the potential of the read word
line RW[m+1, m+2] are replaced with each other. That is, the
selected memory cells are not the memory cells connected to
both the RW[m-1, m] and the SW[m, m+1] but the memory
cells connected to both the RW[m+1, m+2] and the SW[m,
m+1]. In the period p42, by supplying VR(1) to the RW[m+1,
m+2], the selected memory cells are brought into the state
Read (1). In other words, the transistor 490 is on in the case
where the fourth state is stored in the selected memory cell
and is off in the other cases. Since the selected memory cell
connected to the bit line BL[n] stores the third state, the
transistor 490 therein is brought into an off state. Since the
selected memory cell connected to the bit line BL[n+1] stores
the second state, the transistor 490 therein is off. As a result,
in the period p43, the potentials of the bit lines BL[n] and
BL[n+1] are maintained. In the periods p42 and p43, by
detecting the potentials of the bit lines BL[n] and BL[n+1]
with a read circuit, reading can be performed.

The operation in the periods p44 to p46 in FIG. 7 is similar
to that in the periods p41 to p43 except that VR(2) is supplied
to the RW[m+1, m+2] instead of VR(1). When VR(2) is
supplied to the RW[m+1, m+2], the transistor 490 is turned on
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in the case where the third state or the fourth state is stored in
the selected memory cell and remains off in the other cases.
Since the selected memory cell connected to the bit line BL[n]
stores the third state, the transistor 490 therein is brought into
an on state. Since the selected memory cell connected to the
bit line BL[n+1] stores the second state, the transistor 490
therein is off. As a result, in the period p45, the potential of the
bit line BL[n] changes from V4. to V0. The potential of
the bit line BL[n+1] is maintained.

The operation in the periods p47 to p49 in FIG. 7 is similar
to that in the periods p41 to p43 except that VR(3) is supplied
to the RW[m+1, m+2] instead of VR(1). When VR(3) is
supplied to the RW[m+1, m+2], the transistor 490 is turned on
in the case where any of the second to fourth states is stored in
the selected memory cell and remains off in the other cases.
Since the selected memory cell connected to the bit line BL[n]
stores the third state, the transistor 490 therein is brought into
an on state. Since the selected memory cell connected to the
bit line BL[n+1] stores the second state, the transistor 490
therein is on. As a result, in the period p45, the potential of the
bit line BL[n] changes from V. ;...,... to VS_0. The potential
of the bit line BL[n+1] changes from V. ;1,5 to V0.

By data reading in the periods p31 to p39 and p41 to p49,
data stored in the memory cell array illustrated in FIG. 5 is
read. In the read circuit, it is assumed that the bit line potential
higher than Vref is “1” and the bit line potential lower than
Vref'is “0”. According to the timing chart of FIG. 7, the read
circuit connected to the bit line BL[n] reads “0”, <07, “0”, <17,
“0”, “0”. The first three values indicate that the selected
memory cell stores the fourth state, and the last three values
indicate that the selected memory cell stores the third state.
The read circuit connected to the bit line BL[n+1] reads “1”,
“17, 17,417, 17, “0”. The first three values indicate that the
selected memory cell stores the first state, and the last three
values indicate that the selected memory cell stores the sec-
ond state.

The reading operation is performed by detecting the con-
duction state of the transistor 490 in the focusing memory
cell. In the memory cell array illustrated in FIG. 5, when the
selection word line SW is selected, the transistors 490_1 in
two memory cells per bit line are turned on at the same time.
That is, the selection word line SW selects two memory cells
per bit line. The read word line RW is also connected to two
memory cells per bit line. However, the two memory cells
selected by the selection word line SW are connected to
different read word lines RW. Thus, reading from only one of
the two memory cells is possible by using the read word line
RW,

In the above-described manner, writing and reading of four
kinds of potentials V1, V2, V3, and V4 (V1<V2<V3<V4) can
be performed on the selected memory cells in the memory cell
array illustrated in FIG. 5. That is, a multilevel (4-level)
memory cell is achieved. One embodiment of the present
invention is not limited to this example, and the number of
levels the memory cell can store can be varied. For example,
2- to 256-multilevel memory cells may be achieved.

Other than the memory cell illustrated in FIG. 1, the con-
figuration of the memory cell that is not provided with the
selection word line SW is possible, in which case operation is
possible by not selecting the memory cell by the use of the
read word line RW. As compared with such a memory cell, the
semiconductor device (memory cell) of one embodiment of
the present invention illustrated in FIG. 1 with almost the
same area size can have smaller operating power. With the
configuration of the memory cell array illustrated in FIG. 5,
an arbitrary memory cell that does not share the selection
word line SW with the selected memory cell can be unse-
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lected by the use of the selection word line SW. Unselecting
the memory cell by the use of the selection word line SW
consumes less power than unselecting the memory cell by the
use of the read word line RW. This is because the conduction
state of the transistor 490_23 depends on the potential of the
floating node while the conduction state of the transistor
490_1 is not influenced by the potential of the floating node;
therefore, the absolute value of the potential of the second
gate electrode that makes the transistor 490_23 in a non-
conducting state is often larger than the absolute value of the
potential of the first gate electrode that makes the transistor
490_1 in a non-conducting state. Accordingly, with the con-
figuration of the memory cell array illustrated in FIG. 5,
operating power can be reduced. Furthermore, even if the
conductor 4215 having a function of the selection word line
SW is not provided in the memory cell illustrated in FIG. 3,
the area of the memory cell is hardly reduced because, when
seen from the above, the conductor 427 that is the gate elec-
trode of the transistor 491 is positioned between the conduc-
tor 426 that is the third gate electrode of the transistor 490 and
the conductor 4164 that is the other of the source electrode
and the drain electrode of the transistor 490. The number of
signal lines per memory cell is as follows: 1 bit line BL, 1
write word line WW, approximately 0.5 read word lines RW,
and approximately 0.5 selection word lines SW; approxi-
mately 3 lines in total. Thus, the memory cell area in the
configuration of the memory cell array illustrated in FIG. 5
can be the same as that in the configuration of the memory cell
that is not provided with the selection word line.

In the memory cell array in which a plurality of memory
cells with the configuration illustrated in FIG. 1 are arranged,
by connecting different read word lines RW to different
memory cells connected to one bit line, an arbitrary memory
cell can be unselected by the use of the read word lines RW. In
this case, even when the potential of the selection word lines
SW is fixed at VS_H, the memory cells can be operated.
However, the number of read word lines RW is approximately
twice that of the memory cell array illustrated in FIG. 5. In the
memory cell array in which a plurality of memory cells with
the configuration illustrated in FIG. 1 are arranged, by con-
necting different selection word lines SW to different
memory cells connected to one bit line, an arbitrary memory
cell can be unselected by the use of the selection word lines
SW. In this case, even when the potential of the read word line
RW for the unselected memory cell is not the potential VR_L
but the potential VR_0, the memory cells can be operated.
However, the number of selection word lines SW is approxi-
mately twice that of the memory cell array illustrated in FI1G.
5.

Using the above-described semiconductor device
(memory cell), a memory cell with reduced area can be
achieved. Accordingly, a semiconductor device with
improved storage density or improved storage capacity can be
provided.

Embodiment 2

An example ofthe configuration of a semiconductor device
of'one embodiment of the present invention will be described
with reference to FIG. 8.

FIG. 8 illustrates a configuration example of a semicon-
ductor device. A semiconductor device 600 illustrated in FIG.
8 is an example of a semiconductor device that can function as
a memory device. The semiconductor device 600 includes a
memory cell array 610, a row decoder 621, a word line driver
circuit 622, a bit line driver circuit 630, an output circuit 640,
a control logic circuit 660, and a power supply circuit 670.
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The memory cell array 610 has the configuration illustrated
in FIG. 5, for example. The bit line driver circuit 630 includes
a column decoder 631, a precharge circuit 632, a read circuit
633, and a write circuit 634. The precharge circuit 632 has a
function of precharging bit lines. The read circuit 633 has a
function of detecting potentials of the bit lines and reading
data from memory cells. The read signals are output outside
the semiconductor device 600 as digital data signals RDATA,
through the output circuit 640.

To the semiconductor device 600, a low power supply
voltage (VSS), a high power supply voltage (VDD), and the
like are supplied from the outside as power supply voltages.

In addition, control signals (CE, WE, RE), an address
signal ADDR, a data signal WDATA, and the like are input to
the semiconductor device 600 from the outside. ADDR is
input to the row decoder 621 and the column decoder 631, and
WDATA is input to the write circuit 634.

The control logic circuit 660 processes the signals (CE,
WE, RE) input from the outside, and generates control signals
and the like for the row decoder 621, the column decoder 631,
and the power supply circuit 670. CE, WE, and RE are a chip
enable signal, a write enable signal, and a read enable signal,
respectively. Signals processed by the control logic circuit
660 are not limited to those listed above, and other control
signals may be input as necessary.

The read circuit 633 may include a sense amplifier in which
the potential Vref and the bit line potential may be compared.
Furthermore, the read circuit 633 may include a logic circuit
for converting the read data into the output format. The write
circuit 634 may include alogic circuit for converting the input
data WDATA into the writing format.

VDD, VSS, or another power supply voltage is input to the
power supply circuit 670, and the power supply circuit 670
generates and outputs potentials necessary for reading opera-
tion and writing operation. For example, in the case of per-
forming writing and reading of the above-described 4-level
memory cell, V1,V2, V3, V4, VW_H,VW_L,VR_I,VR(1),
VR(2), VR(3), and the like may be generated.

Note that the decision whether the circuits and signals
described above are used or not can be made as appropriate as
needed.

By including the above-described memory cell, the semi-
conductor device 600 can include a memory cell with reduced
area, can have improved storage density, can have improved
storage capacity, or can be small.

Note that the circuits other than the memory cell array 610
may include an n-channel Si transistor and a p-channel Si
transistor. A region where a transistor including an oxide
semiconductor is not used can be stacked below the memory
cell array 610. This leads to a smaller memory device.

The circuits other than the memory cell array 610 may
include a transistor including an oxide semiconductor and a
p-channel Si transistor. Since the transistor including an oxide
semiconductor has a low off-state current and a high on-state
current, when the transistor including an oxide semiconduc-
tor is used in a CMOS circuit together with a p-channel Si
transistor, both a low leakage current and high-speed opera-
tion can be achieved. In particular, in the case where transis-
tors including an oxide semiconductor are used as all the
n-channel transistors, the process can be simplified without
the need for forming n-channel Si transistors, improving yield
and reducing process cost.

This embodiment can be combined with any of the other
embodiments described in this specification as appropriate.

Embodiment 3

The transistors 490 and 491 can have a variety of struc-
tures. In this embodiment, only the transistor 491 and the
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region in the vicinity thereof are illustrated in FIGS. 9A and
9B and FIGS. 10A and 10B for easy understanding.

FIG. 9A is an example of a plan view of the transistor 491.
FIG. 9B illustrates an example of a cross-sectional view taken
along dashed-dotted line E1-E2 and dashed-dotted line
E3-E4 in FIG. 9A. Note that some components such as an
insulator are omitted in FIG. 9A for easy understanding.

Although FIG. 3 and the like illustrate an example where
the conductor 417a and the conductor 4175 which function as
the source electrode and the drain electrode are in contact
with only the top surface of the semiconductor 4075, the
transistor structure of one embodiment of the present inven-
tion is not limited thereto. For example, as illustrated in FIGS.
9A and 9B, the conductor 417a and the conductor 4176 may
be in contact with top and side surfaces of the semiconductor
4075, a top surface of the insulator 434, and the like.

Like the transistor having the structure illustrated in FIG. 3,
the transistor having the structure illustrated in FIGS. 9A and
9B has the structure in which the conductor 427 electrically
surrounds the semiconductor 4075 in the channel width direc-
tion and the side surfaces as well as the top surface of the
semiconductor 4076 are surrounded. This is the s-channel
structure. For the s-channel structure, the description of FIG.
3 can be referred to. With the s-channel structure, excellent
characteristics such as a high on-state current, a high field-
effect mobility, a low subthreshold swing, and high reliability
can be achieved.

Inthe transistor having the structure illustrated in FIGS. 9A
and 9B, the conductors 417a and 4175 are in contact with side
surfaces of the semiconductor 407a and the top and side
surfaces of the semiconductor 4075. In addition, the semicon-
ductor 407¢ is in contact with side surfaces of the semicon-
ductor 4074, top and side surfaces of the semiconductor 4075,
top and side surfaces of the conductor 4174, and top and side
surfaces of the conductor 4175.

In the semiconductor 4075 that is in contact with the con-
ductors 4174 and 4175, hydrogen enters oxygen vacancy sites
in some cases to form donor levels; thus the semiconductor
40756 includes an n-channel conductive region. A state in
which hydrogen enters oxygen vacancy sites is denoted by
VoH in some cases. Because of current flow in the n-channel
conductive region, a high on-state current can be obtained.

FIG.10A is an example of a plan view of the transistor 491.
FIG. 10B illustrates an example of a cross-sectional view
taken along dashed-dotted line G1-G2 and dashed-dotted line
(G3-G4 in FIG. 10A. Note that some components such as an
insulator are omitted in FIG. 10A for easy understanding.

The transistor 491 in FIGS. 10A and 10B includes a con-
ductor 422 over the insulator 444, the insulator 434 having a
projection over the insulator 444 and the conductor 422, the
semiconductor 4074 over the projection of the insulator 434,
the semiconductor 4075 over the semiconductor 407a, the
semiconductor 407¢ over the semiconductor 4075, the con-
ductors 417a and 4175 being in contact with the semiconduc-
tors 407a, 407b, and 407¢ and arranged with a distance ther-
ebetween, the insulator 412 over the semiconductor 407¢, the
conductor 417a, and the conductor 4175, the conductor 427
over the insulator 412, the insulator 454 over the conductor
417a, the conductor 4175, the insulator 412, and the conduc-
tor 427, and the insulator 464 over the insulator 454.

Note that the insulator 412 is in contact with at least side
surfaces of the semiconductor 4075 in the cross section taken
along line G3-G4. Furthermore, the conductor 427 faces top
and side surfaces of the semiconductor 4075 with at least the
insulator 412 therebetween in the cross section taken along
line G3-G4. Moreover, the conductor 422 faces a bottom
surface of the semiconductor 4075 with the insulator 434
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therebetween. The insulator 434 without the projection is
acceptable. Furthermore, the semiconductor 407¢, the insu-
lator 454, and the insulator 464 may be omitted.

The structure of the transistor 491 illustrated in FIGS. 10A
and 10B is partly different from that of the transistor 491 in
FIG. 3. Specifically, the transistor 491 in FIGS. 10A and 10B
is different from that in FIG. 3 in the structures of the semi-
conductors 407a, 4075, and 407 ¢ in the transistor 491 and in
whether the conductor 422 is provided. Thus, for the transis-
tor in FIGS. 10A and 10B, the description of the transistor in
FIG. 3 can be referred to as appropriate.

Embodiment 4

The structures of an oxide semiconductor that can be used
for the semiconductors 406a, 4065, 406¢, 407a, 407b, and
407¢ and the like will be described below. In this specifica-
tion, the trigonal and rhombohedral crystal systems are
included in the hexagonal crystal system.

An oxide semiconductor is classified roughly into a single
crystal oxide semiconductor and a non-single-crystal oxide
semiconductor. The non-single-crystal oxide semiconductor
includes any of a c-axis aligned crystalline oxide semicon-
ductor (CAAC-OS), a polycrystalline oxide semiconductor, a
microcrystalline oxide semiconductor, an amorphous oxide
semiconductor, and the like.

First, a CAAC-OS will be described.

The CAAC-OS is one of oxide semiconductors having a
plurality of c-axis aligned crystal parts.

With a transmission electron microscope (TEM), a com-
bined analysis image (also referred to as a high-resolution
TEM image) of a bright-field image and a diffraction pattern
of the CAAC-OS is observed. Consequently, a plurality of
crystal parts are observed clearly. However, in the high-reso-
Iution TEM image, a boundary between crystal parts, that is,
a grain boundary is not clearly observed. Thus, in the CAAC-
OS, areduction in electron mobility due to the grain boundary
is less likely to occur.

According to the high-resolution cross-sectional TEM
image of the CAAC-OS observed in a direction substantially
parallel to the sample surface, metal atoms are arranged in a
layered manner in the crystal parts. Each metal atom layer has
a morphology reflecting a surface over which the CAAC-OS
is formed (hereinafter, a surface over which the CAAC-OS is
formed is referred to as a formation surface) or a top surface
of the CAAC-OS, and is arranged parallel to the formation
surface or the top surface of the CAAC-OS.

Inthe high-resolution plan-view TEM image of the CAAC-
OS observed in a direction substantially perpendicular to the
sample surface, metal atoms arranged in a triangular or hex-
agonal configuration are seen in the crystal parts. However,
there is no regularity of arrangement of metal atoms between
different crystal parts.

FIG. 11A is a high-resolution cross-sectional TEM image
ofa CAAC-OS. FIG. 11B is a high-resolution cross-sectional
TEM image obtained by enlarging the image of FIG. 11A. In
FIG. 11B, atomic arrangement is highlighted for easy under-
standing.

FIG. 11C is local Fourier transform images of regions each
surrounded by a circle (the diameter is about 4 nm) between
A and O and between O and A' in FIG. 11A. C-axis alignment
can be observed in each region in FIG. 11C. The c-axis
direction between A and O is different from that between O
and A', which indicates that a grain in the region between A
and O is different from that between O and A'. In addition, the
angle of the c-axis between A and O continuously and gradu-
ally changes, for example, 14.3°, 16.6°, and 26.4°. Similarly,
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the angle of the c-axis between O and A' continuously
changes, for example, —18.3°, -17.6°, and -15.9°.

Note that in an electron diffraction pattern of the CAAC-
OS, spots (bright spots) indicating alignment are shown. For
example, when electron diffraction with an electron beam
having a diameter of 1 nm or more and 30 nm or less (such
electron diffraction is also referred to as nanobeam electron
diffraction) is performed on the top surface of the CAAC-OS,
spots are observed (see FIG. 12A).

From the results of the high-resolution cross-sectional
TEM image and the high-resolution plan-view TEM image,
alignment is found in the crystal parts in the CAAC-OS.

Most of'the crystal parts included in the CAAC-OS each fit
inside a cube whose one side is less than 100 nm. Thus, there
is a case where a crystal part included in the CAAC-OS fits
inside a cube whose one side is less than 10 nm, less than 5
nm, or less than 3 nm. Note that when a plurality of crystal
parts included in the CAAC-OS are connected to each other,
one large crystal region is formed in some cases. For example,
a crystal region with an area of 2500 nm? or more, 5 um” or
more, or 1000 um? or more is observed in some cases in the
high-resolution plan-view TEM image.

A CAAC-OS is subjected to structural analysis with an
X-ray diffraction (XRD) apparatus. For example, when the
CAAC-0S including an InGaZnO, crystal is analyzed by an
out-of-plane method, a peak appears frequently when the
diffraction angle (26) is around 31°. This peak is derived from
the (009) plane of the InGaZnO, crystal, which indicates that
crystals in the CAAC-OS have c-axis alignment, and that the
c-axes are aligned in a direction substantially perpendicular
to the formation surface or the top surface of the CAAC-OS.

On the other hand, when the CAAC-OS is analyzed by an
in-plane method in which an X-ray is incident on a sample in
a direction substantially perpendicular to the c-axis, a peak
appears frequently when 20 Bis around 56°. This peak is
derived from the (110) plane of the InGaZnO, crystal. Here,
analysis (¢ scan) is performed under conditions where the
sample is rotated around a normal vector of a sample surface
as an axis (¢ axis) with 28 fixed at around 56°. In the case
where the sample is a single crystal oxide semiconductor of
InGaZnO,, six peaks appear. The six peaks are derived from
crystal planes equivalent to the (110) plane. In the case of a
CAAC-08, a peak is not clearly observed even when ¢ scan is
performed with 26 fixed at around 56°.

According to the above results, in the CAAC-OS having
c-axis alignment, while the directions of a-axes and b-axes are
irregularly oriented between crystal parts, the c-axes are
aligned in a direction parallel to a normal vector of a forma-
tion surface or a normal vector of a top surface. Thus, each
metal atom layer arranged in a layered manner observed in the
high-resolution cross-sectional TEM image corresponds to a
plane parallel to the a-b plane of the crystal.

Note that the crystal part is formed concurrently with depo-
sition of the CAAC-OS or is formed through crystallization
treatment such as heat treatment. As described above, the
c-axis of the crystal is aligned in a direction parallel to a
normal vector of a formation surface or a normal vector of a
top surface. Thus, for example, in the case where the shape of
the CAAC-OS is changed by etching or the like, the c-axis
might not be necessarily parallel to a normal vector of a
formation surface or a normal vector of a top surface of the
CAAC-OS.

Distribution of c-axis aligned crystal parts in the CAAC-
OS is not necessarily uniform. For example, in the case where
crystal growth leading to the crystal parts of the CAAC-OS
occurs from the vicinity of the top surface of the, the propor-
tion of the c-axis aligned crystal parts in the vicinity of the top
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surface is higher than that in the vicinity of the formation
surface in some cases. Further, when an impurity is added to
the CAAC-OS, a region to which the impurity is added may
be altered and the proportion of the c-axis aligned crystal
parts in the CAAC-OS might vary depending on regions.

Note that when the CAAC-OS with an InGaZnO,, crystal is
analyzed by an out-of-plane method, a peak may also be
observed when 20 is around 36°, in addition to the peak at 20
of'around 31°. The peak at 20 of around 36° indicates that a
crystal having no c-axis alignment is included in part of the
CAAC-OS. It is preferable that in the CAAC-OS, a peak
appear when 26 is around 31° and that a peak not appear when
20 is around 36°.

The CAAC-OS is an oxide semiconductor having low
impurity concentration. The impurity is an element other than
the main components of the oxide semiconductor, such as
hydrogen, carbon, silicon, or a transition metal element. In
particular, an element that has higher bonding strength to
oxygen than a metal element included in the oxide semicon-
ductor, such as silicon, disturbs the atomic arrangement of the
oxide semiconductor by depriving the oxide semiconductor
of oxygen and causes a decrease in crystallinity. Further, a
heavy metal such as iron or nickel, argon, carbon dioxide, or
the like has a large atomic radius (molecular radius), and thus
disturbs the atomic arrangement of the oxide semiconductor
and causes a decrease in crystallinity when it is contained in
the oxide semiconductor. Note that the impurity contained in
the oxide semiconductor might serve as a carrier trap or a
carrier generation source.

The CAAC-OS is an oxide semiconductor having a low
density of defect states. In some cases, oxygen vacancies in
the oxide semiconductor serve as carrier traps or serve as
carrier generation sources when hydrogen is captured therein.

The state in which impurity concentration is low and den-
sity of defect states is low (the number of oxygen vacancies is
small) is referred to as a “highly purified intrinsic” or “sub-
stantially highly purified intrinsic” state. A highly purified
intrinsic or substantially highly purified intrinsic oxide semi-
conductor has few carrier generation sources, and thus can
have a low carrier density. Therefore, a transistor including
the oxide semiconductor rarely has negative threshold volt-
age (is rarely normally on). The highly purified intrinsic or
substantially highly purified intrinsic oxide semiconductor
has a low density of defect states, and thus has few carrier
traps. Accordingly, the transistor including the oxide semi-
conductor has little variation in electrical characteristics and
high reliability. Electric charge trapped by the carrier traps in
the oxide semiconductor takes a long time to be released and
might behave like fixed electric charge. Thus, the transistor
including the oxide semiconductor having high impurity con-
centration and a high density of defect states has unstable
electrical characteristics in some cases.

With the use of the CAAC-OS in a transistor, variation in
the electrical characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small.

Next, a microcrystalline oxide semiconductor is described.

A microcrystalline oxide semiconductor has a region
where a crystal part is observed in a high resolution TEM
image and aregion where a crystal part is not clearly observed
in a high resolution TEM image. In most cases, a crystal part
in the microcrystalline oxide semiconductor is greater than or
equal to 1 nm and less than or equal to 100 nm, or greater than
or equal to 1 nm and less than or equal to 10 nm. A microc-
rystal with a size greater than or equal to 1 nm and less than or
equal to 10 nm, or a size greater than or equal to 1 nm and less
than or equal to 3 nm is specifically referred to as nanocrystal
(nc). An oxide semiconductor including nanocrystal is
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referred to as an nc-OS (nanocrystalline oxide semiconduc-
tor). In a high resolution TEM image of the nc-OS, a grain
boundary cannot be found clearly in the nc-OS sometimes for
example.

In the nc-O8, a microscopic region (for example, a region
with a size greater than or equal to 1 nm and less than or equal
to 10 nm, in particular, a region with a size greater than or
equal to 1 nm and less than or equal to 3 nm) has a periodic
atomic order. Note that there is no regularity of crystal orien-
tation between different crystal parts in the nc-OS. Thus, the
orientation of the whole film is not observed. Accordingly, in
some cases, the nc-OS cannot be distinguished from an amor-
phous oxide semiconductor depending on an analysis
method. For example, when the nc-OS is subjected to struc-
tural analysis by an out-of-plane method with an XRD appa-
ratus using an X-ray having a diameter larger than that of a
crystal part, a peak showing a crystal plane does not appear. A
diffraction pattern like a halo pattern appears in a selected-
area electron diffraction pattern of the nc-OS obtained by
using an electron beam having a probe diameter (e.g., larger
than or equal to 50 nm) larger than the diameter of a crystal
part. Meanwhile, spots are shown in a nanobeam electron
diffraction pattern of the nc-OS obtained by using an electron
beam having a probe diameter close to, or smaller than the
diameter of a crystal part. In a nanobeam electron diffraction
pattern of the nc-OS, regions with high luminance in a circu-
lar (ring) pattern are shown in some cases. Furthermore, in a
nanobeam electron diffraction pattern of the nc-OS, a plural-
ity of circumferentially distributed spots are observed in some
cases (see FIG. 12B).

The nc-OS is an oxide semiconductor that has high regu-
larity as compared to an amorphous oxide semiconductor.
Thus, the nc-OS has a lower density of defect states than an
amorphous oxide semiconductor. Note that there is no regu-
larity of crystal orientation between different crystal parts in
the nc-OS. Hence, the nc-OS has a higher density of defect
states than the CAAC-OS.

Thus, the nc-OS may have a higher carrier density than the
CAAC-0S. The oxide semiconductor having a high carrier
density may have high electron mobility. Thus, a transistor
including the nc-OS may have high field-effect mobility. The
nc-OS has a higher defect state density than the CAAC-OS,
and thus may have a lot of carrier traps. Consequently, a
transistor including the nc-OS has larger changes in electrical
characteristics and lower reliability than a transistor includ-
ing the CAAC-OS. The nc-OS can be formed easily as com-
pared to the CAAC-OS because nc-OS can be formed even
when a relatively large amount of impurities are included;
thus, depending on the purpose, the nc-OS can be favorably
used in some cases. Thus, a semiconductor device including
the transistor including the nc-OS can be manufactured with
high productivity in some cases.

Next, an amorphous oxide semiconductor is described.

The amorphous oxide semiconductor has disordered
atomic arrangement and no crystal part. For example, the
amorphous oxide semiconductor does not have a specific
state as in quartz.

In the high-resolution TEM image of the amorphous oxide
semiconductor, crystal parts cannot be found.

When the amorphous oxide semiconductor is subjected to
structural analysis by an out-of-plane method with an XRD
apparatus, a peak showing a crystal plane does not appear. A
halo pattern is shown in an electron diffraction pattern of the
amorphous oxide semiconductor. Furthermore, a halo pattern
is shown but a spot is not shown in a nanobeam electron
diffraction pattern of the amorphous oxide semiconductor.
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Note that an oxide semiconductor may have a structure
having physical properties between the nc-OS and the amor-
phous oxide semiconductor. The oxide semiconductor having
such a structure is specifically referred to as an amorphous-
like oxide semiconductor (amorphous-like OS).

Inahigh-resolution TEM image ofthe amorphous-like OS,
avoid may be seen. Furthermore, in the high-resolution TEM
image, there are a region where a crystal part is clearly
observed and a region where a crystal part is not observed. In
the amorphous-like OS, crystallization by a slight amount of
electron beam used for TEM observation occurs and growth
of the crystal part is found sometimes. In contrast, crystalli-
zation by a slight amount of electron beam used for TEM
observation is less observed in the nc-OS having good quality.

Note that the crystal part size in the amorphous-like OS and
the nc-OS can be measured using high-resolution TEM
images. For example, an InGaZnO, crystal has a layered
structure in which two Ga—Z7n—O layers are included
between In—O layers. A unit cell of the InGaZnO, crystal has
a structure in which nine layers of three In—O layers and six
Ga—Zn—0 layers are layered in the c-axis direction. Thus,
the distance between the adjacent layers is equivalent to the
lattice spacing on the (009) plane (also referred to as d value).
The value is calculated to be 0.29 nm from crystal structural
analysis. Thus, each of the lattice fringes having a distance
therebetween of from 0.28 nm to 0.30 nm is regarded as
corresponding to the a-b plane of the InGaZnO, crystal,
focusing on the lattice fringes in the high-resolution TEM
image. The maximum length in the region in which the lattice
fringes are observed is regarded as the size of the crystal parts
of'the amorphous-like OS and the nc-OS. Note that the crystal
part whose size is 0.8 nm or larger is selectively evaluated.

FIG. 19 shows examination results of change in average
size of crystal parts (20-40 points) in the amorphous-like OS
and the nc-OS using the high-resolution TEM images. As in
FIG. 19, the crystal part size in the amorphous-like OS
increases with an increase of the total amount of electron
irradiation. Specifically, the crystal part of approximately 1.2
nm at the start of TEM observation grows to a size of approxi-
mately 2.6 nm at the total amount of electron irradiation of
4.2x10%~/nm?. In contrast, the crystal part size in the good-
quality nc-OS shows little change from the start of electron
irradiation to the total amount of electron irradiation of 4.2x
10%e~/nm? regardless of the amount of electron irradiation.

Furthermore, in FIG. 19, by linear approximation of the
change in the crystal part size in the amorphous-like OS and
the nc-OS and extrapolation to the total amount of electron
irradiation of Oe~/nm?, the average size of the crystal part is
found to be a positive value. This means that the crystal parts
exist in the amorphous-like OS and the nc-OS before TEM
observation.

Note that an oxide semiconductor may be a stacked-layer
including two or more of an amorphous oxide semiconductor,
amicrocrystalline oxide semiconductor, and a CAAC-OS, for
example.

In the case where an oxide semiconductor has a plurality of
structures, the structures can be analyzed using nanobeam
electron diffraction in some cases.

FIG. 12C illustrates a transmission electron diffraction
measurement apparatus which includes an electron gun
chamber 10, an optical system 12 below the electron gun
chamber 10, a sample chamber 14 below the optical system
12, an optical system 16 below the sample chamber 14, an
observation chamber 20 below the optical system 16, a cam-
era 18 installed in the observation chamber 20, and a film
chamber 22 below the observation chamber 20. The camera
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18 is provided to face toward the inside of the observation
chamber 20. Note that the film chamber 22 is not necessarily
provided.

FIG. 12D illustrates an internal structure of the transmis-
sion electron diffraction measurement apparatus illustrated in
FIG. 12C. In the transmission electron diffraction measure-
ment apparatus, a substance 28 which is positioned in the
sample chamber 14 is irradiated with electrons emitted from
an electron gun installed in the electron gun chamber 10
through the optical system 12. Electrons passing through the
substance 28 are incident on a fluorescent plate 32 provided in
the observation chamber 20 through the optical system 16. On
the fluorescent plate 32, a pattern corresponding to the inten-
sity of the incident electrons appears, which allows measure-
ment of a transmission electron diffraction pattern.

The camera 18 is installed so as to face the fluorescent plate
32 and can take an image of a pattern appearing on the
fluorescent plate 32. An angle formed by a straight line which
passes through the center of a lens of the camera 18 and the
center of the fluorescent plate 32 and an upper surface of the
fluorescent plate 32 is, for example, 15° or more and 80° or
less, 30° or more and 75° or less, or 45° or more and 70° or
less. As the angle is reduced, distortion of the transmission
electron diffraction pattern taken by the camera 18 becomes
larger. Note that if the angle is obtained in advance, the
distortion of an obtained transmission electron diffraction
pattern can be corrected. Note that the film chamber 22 may
be provided with the camera 18. For example, the camera 18
may be set in the film chamber 22 so as to be opposite to the
incident direction of electrons 24. In this case, a transmission
electron diffraction pattern with less distortion can be taken
from the rear surface of the fluorescent plate 32.

A holder for fixing the substance 28 that is a sample is
provided in the sample chamber 14. The holder transmits
electrons passing through the substance 28. The holder may
have, for example, a function of moving the substance 28 in
the direction of the X, Y, and Z axes. The movement function
of the holder may have an accuracy of moving the substance
in the range of, for example, 1 nm to 10 nm, 5 nm to 50 nm,
10 nm to 100 nm, 50 nm to 500 nm, and 100 nm to 1 um. The
range is preferably determined to be an optimal range for the
structure of the substance 28.

Then, a method for measuring a transmission electron dif-
fraction pattern of a substance by the transmission electron
diffraction measurement apparatus described above will be
described.

For example, changes in the structure of a substance can be
observed by changing the irradiation position of the electrons
24 that are a nanobeam on the substance (or by scanning) as
illustrated in FIG. 12D. At this time, when the substance 28 is
a CAAC-OS, a diffraction pattern shown in FIG. 12A is
observed. When the substance 28 is an nc-OS, a diffraction
pattern shown in FIG. 12B is observed.

Even when the substance 28 is a CAAC-0S, a diffraction
pattern similar to that of an nc-OS or the like is partly
observed in some cases. Therefore, whether a CAAC-OS is
favorable can be determined by the proportion of a region
where a diffraction pattern of a CAAC-OS is observed in a
predetermined area (also referred to as proportion of CAAC).
In the case of a high-quality CAAC-OS, for example, the
proportion of CAAC is higher than or equal to 50%, prefer-
ably higher than or equal to 80%, further preferably higher
than or equal to 90%, still further preferably higher than or
equal to 95%. Note that the proportion of a region where a
diffraction pattern different from that of a CAAC-OS is
observed in a certain area is referred to as the proportion of
non-CAAC.
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As an example, a sample including a CAAC-OS obtained
just after deposition (represented as “as-sputtered”) and a
sample including a CAAC-OS subjected to heat treatment at
450° C. in an atmosphere containing oxygen were made, and
transmission electron diffraction patterns were obtained by
scanning top surfaces of the samples. Here, the proportion of
CAAC was obtained in such a manner that diffraction patterns
were observed by scanning for 60 seconds at a rate of 5
nm/second and the obtained diffraction patterns were con-
verted into still images every 0.5 seconds. Note that as an
electron beam, a nanobeam with a probe diameter of 1 nm was
used. The above measurement was performed on six samples.
The proportion of CAAC was calculated using the average
value of the six samples.

FIG. 13 A shows the proportion of CAAC in each sample.
The proportion of CAAC of the CAAC-OS obtained just after
the deposition was 75.7% (the proportion of non-CAAC was
24.3%). The proportion of CAAC of the CAAC-OS subjected
to the heat treatment at 450° C. was 85.3% (the proportion of
non-CAAC was 14.7%). These results show that the propor-
tion of CAAC obtained after the heat treatment at 450° C. is
higher than that obtained just after the deposition. That is,
heat treatment at a high temperature (e.g., higher than or equal
to 400° C.) reduces the proportion of non-CAAC (increases
the proportion of CAAC). Furthermore, the above results also
indicate that even when the temperature of the heat treatment
is lower than 500° C., the CAAC-OS can have a high propor-
tion of CAAC.

Here, most of diffraction patterns different from that of a
CAAC-OS are diffraction patterns similar to that of an nc-OS.
Furthermore, an amorphous oxide semiconductor was not
able to be observed in the measurement region. Therefore, the
above results suggest that the region having a structure similar
to that of an nc-OS is rearranged by the heat treatment owing
to the influence of the structure of the adjacent region,
whereby the region becomes CAAC.

FIGS. 13B and 13C are high-resolution plan-view TEM
images of the CAAC-OS obtained just after the deposition
and the CAAC-OS subjected to the heat treatment at 450° C.,
respectively. Comparison between FIGS. 13B and 13C shows
that the CAAC-OS subjected to the heat treatment at 450° C.
has more uniform film quality. That is, the heat treatment at a
high temperature improves the film quality of the CAAC-OS.

With such a measurement method, the structure of an oxide
semiconductor having a plurality of structures can be ana-
lyzed in some cases.

The structures of the oxide semiconductor that can be used
for the semiconductors 406a, 4065, 406¢, 407a, 407b, and
407¢ and the like have been described so far.

Next, the other elements of the semiconductor that can be
used for the semiconductors 406a, 4065, 406¢, 407a, 4075,
and 407¢ and the like are described. Although the semicon-
ductors 406a, 4065, and 406¢ are typically described below,
the same can apply to the semiconductors 407a, 407b, and
407c. Characteristics similar to those of the transistor 490 can
be obtained from the transistor 491.

The oxide semiconductor that can be used for the semicon-
ductor 4065 is an oxide semiconductor containing indium, for
example. An oxide semiconductor can have high carrier
mobility (electron mobility) by containing indium, for
example. The semiconductor 4065 preferably contains an
element M. The element M is preferably aluminum, gallium,
yttrium, tin, or the like. Other elements which can be used as
the element M are boron, silicon, titanium, iron, nickel, ger-
manium, yttrium, zirconium, molybdenum, lanthanum,
cerium, neodymium, hafnium, tantalum, tungsten, and the
like. Note that two or more of the above elements may be used
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in combination as the element M. The element M is an ele-
ment having high bonding energy with oxygen, for example.
The element M is an element whose bonding energy with
oxygen is higher than that of indium. The element M is an
element that can increase the energy gap of the oxide semi-
conductor, for example. Furthermore, the semiconductor
4065 preferably contains zinc. When the oxide semiconduc-
tor contains zinc, the oxide semiconductor is easily to be
crystallized, for example.

For the semiconductor 4065, an oxide with a wide energy
gap may be used. For example, the energy gap of the semi-
conductor 4065 is greater than or equal to 2.5 eV and less than
or equal to 4.2 eV, preferably greater than or equal to 2.8 eV
and less than orequal to 3.8 eV, further preferably greater than
or equal to 3 eV and less than or equal to 3.5 eV.

Avalanche breakdown or the like is less likely to occur in
some cases in the transistor including an oxide semiconductor
than in a conventional transistor including silicon or the like,
because, for example, an oxide semiconductor has a wide
bandgap and thus electrons are less likely to be excited, and
the effective mass of a hole is large. Therefore, it may be
possible to inhibit hot-carrier degradation due to avalanche
breakdown, for example. Accordingly, the drain withstand
voltage can be increased, so that the transistor can be driven at
ahigher drain voltage. Thus, in some cases, a higher voltage,
that is, more states can be held by a floating node, increasing
storage density.

The semiconductor 4064, the semiconductor 4065, and the
semiconductor 406¢ preferably include at least indium. In the
case of using an In-M-Zn oxide as the semiconductor 4064,
when the summation of Inand M is assumed to be 100 atomic
%, the proportions of In and M are preferably set to be less
than 50 atomic % and greater than or equal to 50 atomic %,
respectively, further preferably less than 25 atomic % and
greater than or equal to 75 atomic %, respectively. In the case
of'using an In-M-Zn oxide as the semiconductor 4065, when
the summation of In and M is assumed to be 100 atomic %, the
proportions of In and M are preferably set to be greater than
or equal to 25 atomic % and less than 75 atomic %, respec-
tively, further preferably greater than or equal to 34 atomic %
and less than 66 atomic %, respectively. In the case of using an
In-M-Zn oxide as the semiconductor 406¢, when the summa-
tion of In and M is assumed to be 100 atomic %, the propor-
tions of In and M are preferably set to be less than 50 atomic
% and greater than or equal to 50 atomic %, respectively,
further preferably less than 25 atomic % and greater than or
equal to 75 atomic %, respectively. Note that the semicon-
ductor 406¢ may be an oxide that is a type the same as that of
the semiconductor 4064.

As the semiconductor 4065, an oxide having an electron
affinity higher than those of the semiconductors 406a and
406¢ is used. For example, as the semiconductor 4065, an
oxide having an electron affinity higher than those of the
semiconductors 406a and 406c¢ by 0.07 eV or higher and 1.3
eV or lower, preferably 0.1 eV or higher and 0.7 eV or lower,
further preferably 0.15 eV or higher and 0.4 eV or lower is
used. Note that the electron affinity refers to an energy dif-
ference between the vacuum level and the bottom of the
conduction band.

An indium gallium oxide has a small electron affinity and
ahigh oxygen-blocking property. Therefore, the semiconduc-
tor 406¢ preferably includes an indium gallium oxide. The
gallium atomic ratio [Ga/(In+Ga)] is, for example, higher
than or equal to 70%, preferably higher than or equal to 80%,
further preferably higher than or equal to 90%.

At this time, when an electric field is applied to a gate
electrode, a channel is formed in the semiconductor 4065
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having the highest electron affinity in the semiconductors
406a, 4065, and 406¢. Thus, the field effect mobility of the
transistor can be increased. Here, the semiconductor 4065
and the semiconductor 406¢ have the common constituent
elements and thus interface scattering hardly occurs therebe-
tween.

Here, in some cases, there is a mixed region of the semi-
conductor 4064 and the semiconductor 4065 between the
semiconductor 406a and the semiconductor 4065. Further-
more, in some cases, there is a mixed region of the semicon-
ductor 4065 and the semiconductor 406¢ between the semi-
conductor 4065 and the semiconductor 406c. The mixed
region has a low interface state density. For that reason, the
stack of the semiconductor 4064, the semiconductor 4065,
and the semiconductor 406¢ has aband diagram where energy
at each interface and in the vicinity of the interface is changed
continuously (continuous junction). Note that FIG. 14A is a
cross-sectional view in which the semiconductor 406a, the
semiconductor 4065, and the semiconductor 406¢ are stacked
in this order. FIG. 14B shows energy (Ec) of the bottom of the
conduction band corresponding to dashed-dotted line P1-P2
in FIG. 14A when the semiconductor 406¢ has a higher elec-
tron affinity than the semiconductor 406a. FIG. 14C shows
the case where the semiconductor 406¢ has a lower electron
affinity than the semiconductor 406a.

At this time, electrons move mainly in the semiconductor
4065, not in the semiconductor 406a and the semiconductor
406¢. As described above, when the interface state density at
the interface between the semiconductor 4064 and the semi-
conductor 4065 and the interface state density at the interface
between the semiconductor 4065 and the semiconductor 406¢
are decreased, electron movement in the semiconductor 4065
is less likely to be inhibited and the on-sate current of the
transistor 490 can be increased.

For example, the semiconductor 4064 and the semiconduc-
tor 406¢ include one or more elements other than oxygen
included in the semiconductor 4065. Since the semiconductor
406a and the semiconductor 406¢ each include one or more
elements other than oxygen included in the semiconductor
4065, an interface state is less likely to be formed at the
interface between the semiconductor 406a and the semicon-
ductor 4065 and the interface between the semiconductor
4065 and the semiconductor 406¢.

Furthermore, the semiconductors 406a, 4065, and 406¢
preferably have no or a small amount of spinel crystal struc-
tures. Moreover, the semiconductors 406a, 4065, and 406¢
are preferably CAAC-OS.

For example, when a CAAC-OS having a plurality of
c-axis aligned crystal parts is used as the semiconductor 406a,
the semiconductor 4065 formed thereover can have a region
with favorable c-axis alignment even in the vicinity of the
interface with the semiconductor 406a.

In addition, by an increase in the CAAC proportion of the
CAAC-OS, defects can be reduced, for example. Further-
more, for example, an area having a spinel structure can be
reduced. Moreover, for example, carrier scattering can be
reduced. In addition, the CAAC-OS can be a film having a
high blocking property against impurities. Accordingly, when
the CAAC proportion of each of the semiconductors 406a and
406¢ is increased, a favorable interface with the semiconduc-
tor 4065 where the channel is formed can be formed, so that
carrier scattering can be low. For example, the CAAC pro-
portion of the semiconductor 4064 and/or the semiconductor
406¢ may be higher than or equal to 10%, preferably higher
than or equal to 20%, further preferably higher than or equal
to 50%, still further preferably higher than or equal to 70%.
Furthermore, mixing of impurities to the semiconductor 4065

10

15

20

25

30

35

40

45

50

55

60

65

42

can be prevented; as a result, the impurity concentration of the
semiconductor 4065 can be reduced.

The semiconductor 4065 is preferably a semiconductor in
which oxygen vacancies are reduced.

For example, in the case were the semiconductor 4065
contains oxygen vacancies (also denoted by VO), donor lev-
els are formed by entry of hydrogen into oxygen vacancy sites
in some cases. A state in which hydrogen enters oxygen
vacancy sites is denoted by VOH in the following description
in some cases. VOH 1is a factor of decreasing the on-state
current of the transistor 490 because VoH scatters electrons.
Note that oxygen vacancy sites become more stable by entry
of oxygen than by entry of hydrogen. Thus, by decreasing
oxygen vacancies in the semiconductor 4065, the on-state
current of the transistor 490 can be increased in some cases.

To decrease oxygen vacancies in the semiconductor 4065,
for example, there is a method in which excess oxygen in the
insulator 432 is moved to the semiconductor 4065 through the
semiconductor 406a. In this case, the semiconductor 4064 is
preferably a layer having an oxygen-transmitting property (a
layer through which oxygen passes or is transmitted).

Oxygen is released from the insulator 432 and taken into
the semiconductor 406a by heat treatment or the like. In some
cases, oxygen exists and is apart from atomics in the semi-
conductor 4064, or exists and is bonded to oxygen or the like.
As the density becomes lower, i.e., the number of spaces
between the atoms becomes larger, the semiconductor 406a
has a higher oxygen-transmitting property. For example, in
the case where the semiconductor 406 has a layered crystal
structure and oxygen movement in which oxygen crosses the
layer is less likely to occur, the semiconductor 406a is pref-
erably a layer having low crystallinity as appropriate.

The semiconductor 4064 preferably has crystallinity such
that excess oxygen (oxygen) is transmitted so that excess
oxygen (oxygen) released from the insulator 432 reaches the
semiconductor 4065. For example, in the case where the
semiconductor 406a is a CAAC-OS, a structure in which a
space is partly provided in the layer is preferably employed
because when the whole layer becomes CAAC, excess 0xy-
gen (oxygen) cannot be transmitted. For example, the propor-
tion of CAAC of'the semiconductor 4064 is lower than 100%,
preferably lower than 98%, further preferably lower than
95%, still further preferably lower than 90%.

Moreover, the thickness of the semiconductor 406¢ is pref-
erably as small as possible to increase the on-state current of
the transistor 490. For example, the semiconductor 406¢ may
include a region with a thickness of less than 10 nm, prefer-
ably less than or equal to 5 nm, further preferably less than or
equal to 3 nm. Meanwhile, the semiconductor 406¢ has a
function of blocking entry of elements other than oxygen
(such as hydrogen and silicon) included in the adjacent insu-
lator into the semiconductor 4065 where a channel is formed.
For this reason, it is preferable that the semiconductor 406¢
have a certain thickness. For example, the semiconductor
406¢ may include a region with a thickness of greater than or
equal to 0.3 nm, preferably greater than or equal to 1 nm,
further preferably greater than or equal to 2 nm. The semi-
conductor 406¢ preferably has an oxygen blocking property
to suppress outward diffusion of oxygen released from the
insulator 402 and the like.

To improve reliability, preferably, the thickness of the
semiconductor 406aq is large and the thickness of the semi-
conductor 406¢ is small. For example, the semiconductor
406a has a region with a thickness of, for example, greater
than or equal to 10 nm, preferably greater than or equal to 20
nm, further preferably greater than or equal to 40 nm, still
further preferably greater than or equal to 60 nm. When the
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thickness of the semiconductor 4064 is made large, a distance
from an interface between the adjacent insulator and the
semiconductor 4064 to the semiconductor 4065 in which a
channel is formed can be large. Since the productivity of the
semiconductor device might be decreased, the semiconductor
406a has a region with a thickness of, for example, less than
or equal to 200 nm, preferably less than or equal to 120 nm,
further preferably less than or equal to 80 nm.

For example, a region with a silicon concentration of lower
than 1x10*° atoms/cm?®, preferably lower than 5x10'® atoms/
cm?®, further preferably lower than 2x10*® atoms/cm® which
is measured by secondary ion mass spectrometry (SIMS) is
provided between the semiconductor 4065 and the semicon-
ductor 406a. A region with a silicon concentration of lower
than 1x10"® atoms/cm’, preferably lower than 5x10"® atoms/
cm?®, further preferably lower than 2x10*® atoms/cm® which
is measured by SIMS is provided between the semiconductor
4064 and the semiconductor 406¢.

It is preferable to reduce the concentration of hydrogen in
the semiconductor 406a and the semiconductor 406¢ in order
to reduce the concentration of hydrogen in the semiconductor
406b. The semiconductor 406a and the semiconductor 406¢
each have a region in which the concentration of hydrogen
measured by SIMS is lower than or equal to 2x10°° atoms/
cm?®, preferably lower than or equal to 5x10'° atoms/cm?,
further preferably lower than or equal to 1x10® atoms/cm?,
still further preferably lower than or equal to 5x10'® atoms/
cm?. Itis preferable to reduce the concentration of nitrogen in
the semiconductor 406a and the semiconductor 406¢ in order
to reduce the concentration of nitrogen in the semiconductor
406b. The semiconductor 406a and the semiconductor 406¢
each have a region in which the concentration of nitrogen
measured by SIMS is lower than 5x10'® atoms/cm?, prefer-
ably lower than or equal to 5x10'® atoms/cm?®, further pref-
erably lower than or equal to 1x10'® atoms/cm®, still further
preferably lower than or equal to 5x10'7 atoms/cm®.

The structures and the other elements of the oxide semi-
conductor that can be used for the semiconductors 406a,
4065, and 406¢ and the like have been described so far. By
using the above-described oxide semiconductor in the semi-
conductors 406a, 4065, and 406¢ and the like, the transistor
490 can have favorable electrical characteristics. For
example, excellent subthreshold characteristics and an
extremely low off-state current can be achieved. Moreover, a
high on-state current and favorable switching speed can be
achieved. Furthermore, high withstand voltage can be
achieved.

Embodiment 5

An example of the structure of a semiconductor device
including the semiconductor device of one embodiment of the
present invention will be described with reference to FIG. 15.

A semiconductor device 300 illustrated in FIG. 15 includes
a CPU core 301, a power management unit 321, and a periph-
eral circuit 322. The power management unit 321 includes a
power controller 302 and a power switch 303. The peripheral
circuit 322 includes a cache 304 including cache memory, a
bus interface (BUS I/F) 305, and a debug interface (Debug
1/F)306. The CPU core 301 includes a data bus 323, a control
unit 307, a program counter (PC) 308, a pipeline register 309,
a pipeline register 310, an arithmetic logic unit (ALU) 311,
and a register file 312. Data is transmitted between the CPU
core 301 and the peripheral circuit 322 such as the cache 304
via the data bus 323.

The semiconductor device of one embodiment of the
present invention can be used in the cache 304, whereby the
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cache can have small size, high density, and large capacity.
Thus, a miniaturized semiconductor device, a semiconductor
device with larger storage capacity, a semiconductor device
capable of higher-speed operation, or a semiconductor device
with lower power consumption can be provided.

The control unit 307 has a function of controlling the
timing of data transmission and reception between the PC
308, the pipeline register 309, the pipeline register 310, the
ALU 311, the register file 312, and the outside of the CPU
core 301 in accordance with fetched instructions or the like.

The ALU 311 has a function of performing a variety of
arithmetic operations such as four arithmetic operations and
logic operations.

The cache 304 has a function of temporarily storing fre-
quently used data. The PC 308 is a register having a function
of storing an address of an instruction to be executed next.
Although not illustrated in FIG. 15, the cache 304 includes a
cache controller for controlling the operation of the cache
memory.

The pipeline register 309 has a function of temporarily
storing fetched instructions.

The register file 312 includes a plurality of registers includ-
ing a general purpose register and can retain data that is read
from a main memory, data obtained as a result of arithmetic
operations in the ALU 311, or the like.

The pipeline register 310 has a function of temporarily
storing data used for arithmetic operations performed in the
ALU 311, data obtained as a result of arithmetic operations in
the ALU 311, or the like.

The bus interface 305 functions as a path for data between
the semiconductor device 300 and devices outside the semi-
conductor device 300. The debug interface 306 functions as a
control circuit for debugging the semiconductor device 300 or
a path of a signal.

The power switch 303 has a function of controlling supply
of the power supply voltage to circuits other than the power
controller 302 in the semiconductor device 300. These cir-
cuits belong to several different power domains. The power
switch 303 controls whether the power supply voltage is
supplied to circuits in the same power domain. The power
controller 302 has a function of controlling the operation of
the power switch 303.

The semiconductor device 300 having the above-described
configuration can perform power gating. An example of the
flow of the power gating operation will be described.

First, the CPU core 301 sets the timing for stopping the
supply of the power supply voltage in a register of the power
controller 302. Next, an instruction to start power gating is
sent from the CPU core 301 to the power controller 302. Then,
the registers and the cache 304 in the semiconductor device
300 start data saving. Subsequently, the power switch 303
stops the supply of the power supply voltage to the circuits
other than the power controller 302 in the semiconductor
device 300. Then, an interrupt signal is input to the power
controller 302, thereby starting the supply of the power sup-
ply voltage to the circuits included in the semiconductor
device 300. Note that a counter may be provided in the power
controller 302 to be used to determine the timing of starting
the supply of the power supply voltage regardless of input of
an interrupt signal. Next, the registers and the cache 304 start
data restoration. After that, execution of an instruction is
resumed in the control unit 307.

This power gating can be performed in the entire processor
or one or more logic circuits included in the processor. The
supply of power can be stopped even for a short time. Accord-
ingly, power consumption can be reduced at a fine granularity
in space or time.
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In the case where the semiconductor device of one embodi-
ment of the present invention is used in the cache 304, the
cache 304 can hold data for a long time even when the supply
of'a power supply voltage is stopped. Thus, the cache 304 can
keep holding data at the time of power gating and there is no
need to store the data in a different place. As a result, power
and time therefor are not required. In other words, in the case
where not the semiconductor device of one embodiment of
the present invention but a volatile SRAM is used in the cache
304, data in the cache needs to be erased or stored outside the
semiconductor device 300 at the time of power gating. In the
case where data is erased, the time and energy for taking data
from the outside of the semiconductor device 300 (i.e., the
time and energy necessary to warm up the cache) is required
for restoration, while in the case of using the semiconductor
device of one embodiment of the present invention, such time
and energy are not required. In the case where data is stored
outside the semiconductor device 300, the time and power
necessary for storing and restoring data is required, while in
the case of using the semiconductor device of one embodi-
ment of the present invention, such time and power are not
required.

Note that the semiconductor device of one embodiment of
the present invention can be used for not only a CPU but also
a graphics processing unit (GPU), a programmable logic
device (PLD), a digital signal processor (DSP), a microcon-
troller unit (MCU), a radio frequency (RF) tag, a custom LSI,
and the like.

Embodiment 6

An example of the configuration of a semiconductor device
including the semiconductor device of one embodiment of the
present invention will be described with reference to FIG. 16.

A semiconductor device 800 illustrated in FIG. 16 is an
example of the structure of an RF tag. The RF tag of this
embodiment includes a memory circuit, stores necessary data
in the memory circuit, and transmits and receives data to/from
the outside with use of contactless means, for example, wire-
less communication. With these features, the RF tag can be
used for an individual authentication system in which an
object or the like is recognized by reading the individual
information, for example.

The semiconductor device 800 illustrated in FIG. 16
includes an antenna 804, a rectifier circuit 805, a constant
voltage circuit 806, a demodulation circuit 807, a modulation
circuit 808, a logic circuit 809, a memory circuit 810, and a
ROM 811.

The semiconductor device of one embodiment of the
present invention can be used in the memory circuit 810,
whereby the memory circuit 810 can have small size, high
density, and large capacity. Thus, a miniaturized semiconduc-
tor device or a semiconductor device with larger storage
capacity can be provided.

The antenna 804 exchanges the radio signal 803 with the
antenna 802 that is connected to the communication device
801. The rectifier circuit 805 generates an input potential by
rectification, for example, half-wave voltage doubler rectifi-
cation of an input alternating signal generated by reception of
a radio signal at the antenna 804 and smoothing of the recti-
fied signal with a capacitor provided in a later stage in the
rectifier circuit 805. Note that a limiter circuit may be pro-
vided on an input side or an output side of the rectifier circuit
805. The limiter circuit controls electric power so that electric
power that is higher than or equal to certain electric power is
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not input to a circuit in a later stage if the amplitude of the
input alternating signal is high and an internal generation
voltage is high.

The constant voltage circuit 806 generates a stable power
supply voltage from an input potential and supplies it to each
circuit. Note that the constant voltage circuit 806 may include
a reset signal generation circuit. The reset signal generation
circuit is a circuit that generates a reset signal of the logic
circuit 809 by utilizing rise of the stable power supply volt-
age.

The demodulation circuit 807 demodulates the input alter-
nating signal by envelope detection and generates the
demodulated signal. The modulation circuit 808 performs
modulation in accordance with data to be output from the
antenna 804.

The logic circuit 809 analyzes and processes the demodu-
lated signal. The memory circuit 810 holds the input data and
includes a row decoder, a column decoder, a memory region,
and the like. The ROM 811 stores an identification number
(ID) or the like and outputs it in accordance with processing.

Note that as the data transmission method, there are an
electromagnetic coupling method in which a pair of coils is
provided so as to face each other and communicates with each
other by mutual induction, an electromagnetic induction
method in which communication is performed using an
induction field, a radio wave method in which communica-
tion is performed using a radio wave, and the like. Any of
these methods can be used in the semiconductor device 800
described in this embodiment.

Note that the decision whether each circuit described above
is provided or not can be made as appropriate as needed.

In the circuits other than the memory circuit 810, transis-
tors including an oxide semiconductor described in the above
embodiment can be used as n-channel transistors. Since the
transistors including an oxide semiconductor have low off-
state currents and high on-state currents, both a low leakage
current and high-speed operation can be achieved. Further-
more, the transistors including an oxide semiconductor
described in the above embodiment may be used as elements
having a rectifying function included in the demodulation
circuit 807. Since the transistors have low off-state currents,
the reverse currents of the elements having a rectifying func-
tion can be made low, leading to excellent rectification effi-
ciency. Furthermore, since the transistors including an oxide
semiconductor can be formed through the same process, high
performance of the semiconductor device 800 can be
achieved without an increase in process cost.

This embodiment can be combined with any of the other
embodiments described in this specification as appropriate.

Embodiment 7

In this embodiment, application examples of the semicon-
ductor device described in the foregoing embodiment to an
electronic component and to an electronic device including
the electronic component will be described with reference to
FIGS. 17A and 17B and FIGS. 18A to 18F.

FIG. 17A shows an example where the semiconductor
device described in the foregoing embodiment is used to
make an electronic component. Note that an electronic com-
ponent is also referred to as semiconductor package or IC
package. For the electronic component, there are various
standards and names corresponding to the direction of termi-
nals or the shape of terminals; hence, one example of the
electronic component will be described in this embodiment.
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A semiconductor device including the transistors
described in FIG. 3 is completed by integrating detachable
components on a printed circuit board through the assembly
process (post-process).

The post-process can be completed through steps shown in
FIG. 17A. Specifically, after an element substrate obtained in
the wafer process is completed (Step S1), aback surface of the
substrate is ground (Step S2). The substrate is thinned in this
step to reduce warpage or the like of the substrate in the wafer
process and to reduce the size of the component itself.

A dicing step of grinding the back surface of the substrate
to separate the substrate into a plurality of chips is performed.
Then, a die bonding step of individually picking up separate
chips to be mounted on and bonded to a lead frame is per-
formed (Step S3). To bond a chip and a lead frame in the die
bonding step, resin bonding, tape-automated bonding, or the
like is selected as appropriate depending on products. Note
that in the die bonding step, a chip may be mounted on and
bonded to an interposer.

Next, wire bonding for electrically connecting a lead of the
lead frame and an electrode on a chip through a metal wire is
performed (Step S4). As a metal wire, a silver wire or a gold
wire can be used. For wire bonding, ball bonding or wedge
bonding can be employed.

A wire-bonded chip is subjected to a molding step of seal-
ing the chip with an epoxy resin or the like (Step S5). With the
molding step, the inside of the electronic component is filled
with a resin, thereby reducing damage to the circuit portion
and the wire embedded in the component caused by external
mechanical force as well as reducing deterioration of charac-
teristics due to moisture or dust.

Subsequently, the lead of the lead frame is plated. Then, the
lead is cut and processed into a predetermined shape (Step
S6). With the plating process, corrosion of the lead can be
prevented, and soldering for mounting the electronic compo-
nent on a printed circuit board in a later step can be performed
with higher reliability.

Next, printing process (marking) is performed on a surface
of'the package (Step S7). Then, through a final test step (Step
S8), the electronic component is completed (Step S9).

The above-described electronic component can include the
semiconductor device described in the above embodiment.
Accordingly, an electronic component including the memory
device with small size, high density, or large capacity can be
achieved. The electronic component is an electronic compo-
nent with small size and large storage capacity.

FIG. 17B is a schematic perspective diagram of a com-
pleted electronic component. FIG. 17B shows a schematic
perspective diagram of a quad flat package (QFP) as an
example of the electronic component. An electronic compo-
nent 700 illustrated in FIG. 17B includes a lead 701 and a
semiconductor device 703. The electronic component 700 in
FIG. 17B is, for example, mounted on a printed circuit board
702. A plurality of electronic components 700 are used in
combination and electrically connected to each other over the
printed wiring board 702; thus, a substrate on which the
electronic components are mounted (a circuit board 704) is
completed. The completed circuit board 704 is provided in an
electronic device or the like.

The above-described electronic component can be used for
display devices, personal computers, or image reproducing
devices provided with recording media (typically, devices
which reproduce the content of recording media such as digi-
tal versatile discs (DVDs) and have displays for displaying
the reproduced images). Other examples of electronic devices
that can be equipped with the above-described electronic
component are mobile phones, game machines including por-
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table game consoles, portable data terminals, e-book readers,
cameras such as video cameras and digital still cameras,
goggle-type display devices (head mounted displays), navi-
gation systems, audio reproducing devices (e.g., car audio
systems and digital audio players), copiers, facsimiles, print-
ers, multifunction printers, automated teller machines
(ATM), and vending machines. FIGS. 18A to 18F illustrate
specific examples of these electronic devices.

FIG. 18A illustrates a portable game console including a
housing 901, a housing 902, a display portion 903, a display
portion 904, a microphone 905, a speaker 906, an operation
key 907, a stylus 908, and the like. Although the portable
game machine in FIG. 18A has the two display portions 903
and 904, the number of display portions included in a portable
game machine is not limited to this.

FIG. 18B illustrates a portable data terminal including a
firsthousing 911, a second housing 912, a first display portion
913, a second display portion 914, a joint 915, an operation
key 916, and the like. The first display portion 913 is provided
in the first housing 911, and the second display portion 914 is
provided in the second housing 912. The first housing 911 and
the second housing 912 are connected to each other with the
joint 915, and the angle between the first housing 911 and the
second housing 912 can be changed with the joint 915. An
image on the first display portion 913 may be switched
depending on the angle between the first housing 911 and the
second housing 912 at the joint 915. A display device with a
position input function may be used as at least one of the first
display portion 913 and the second display portion 914. Note
that the position input function can be added by providing a
touch panel in a display device. Alternatively, the position
input function can be added by provision of a photoelectric
conversion element called a photosensor in a pixel portion of
a display device.

FIG. 18C illustrates a laptop personal computer, which
includes a housing 921, a display portion 922, a keyboard
923, a pointing device 924, and the like.

FIG. 18D illustrates an example of a wrist-watch-type
information terminal, which includes a housing 931, a display
portion 932, a band 933, a buckle 934, operation buttons 935,
an input/output terminal 936, and the like. The information
terminal is capable of executing a variety of applications such
as mobile phone calls, e-mailing, reading and editing texts,
music reproduction, Internet communication, and a computer
game. The display surface of the display portion 932 is bent,
and images can be displayed on the bent display surface. The
display portion 932 includes a touch sensor, and operation
control can be performed by touching the screen with a finger,
a stylus, or the like. The information terminal can employ
near field communication, which is a communication method
based on an existing communication standard. Moreover, the
information terminal includes the input output terminal 936,
and data can be directly transmitted to and received from
another information terminal via a connector.

FIG. 18E illustrates a video camera, which includes a first
housing 941, a second housing 942, a display portion 943,
operation keys 944, a lens 945, a joint 946, and the like. The
operation keys 944 and the lens 945 are provided for the first
housing 941, and the display portion 943 is provided for the
second housing 942. The first housing 941 and the second
housing 942 are connected to each other with the joint 946,
and the angle between the first housing 941 and the second
housing 942 can be changed with the joint 946. Images dis-
played on the display portion 943 may be switched in accor-
dance with the angle at the joint 946 between the first housing
941 and the second housing 942.
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FIG. 18F illustrates an ordinary vehicle including a car
body 951, wheels 952, a dashboard 953, lights 954, and the
like.

By using an electronic component which includes a
memory device with small size, high density, or large capac-
ity including the semiconductor device (memory cell) of one
embodiment of the present invention in these electronic
devices, the electronic devices can have small sizes or high
performance.

This embodiment can be combined with any of the other
embodiments described in this specification as appropriate.
(Wording in the Specification and the Like)

In this specification and the like, when it is explicitly
described that X andY are connected, the case where X andY
are electrically connected, the case where X and Y are func-
tionally connected, and the case where X and Y are directly
connected are included therein. Accordingly, another element
may be interposed between elements having a connection
relation shown in drawings and texts, without limiting to a
predetermined connection relation, for example, the connec-
tion relation shown in the drawings and the texts.

Here, X and Y each denote an object (e.g., a device, an
element, a circuit, a line, an electrode, a terminal, a conduc-
tive film, a layer, or the like).

For example, in the case where X and Y are electrically
connected, one or more elements that enable electrical con-
nection between X andY (e.g., a switch, a transistor, a capaci-
tor, an inductor, a resistor, a diode, a display element, a
light-emitting element, or a load) can be connected between
XandY. A switchis controlled to be on or off. That is, a switch
is conducting or not conducting (is turned on or off) to deter-
mine whether current flows therethrough or not. Alterna-
tively, the switch has a function of selecting and changing a
current path.

For example, in the case where X and Y are functionally
connected, one or more circuits that enable functional con-
nection between X and Y (e.g., a logic circuit such as an
inverter, a NAND circuit, or a NOR circuit; a signal converter
circuit such as a DA converter circuit, an AD converter circuit,
or a gamma correction circuit; a potential level converter
circuit such as a power supply circuit (e.g., a de-dc converter,
a step-up de-dc converter, or a step-down dc-de converter) or
a level shifter circuit for changing the potential level of a
signal; a voltage source; a current source; a switching circuit;
an amplifier circuit such as a circuit that can increase signal
amplitude, the amount of current, or the like, an operational
amplifier, a differential amplifier circuit, a source follower
circuit, or a buffer circuit; a signal generation circuit; a
memory circuit; and/or a control circuit) can be connected
between X and Y. Note that for example, in the case where a
signal output from X is transmitted to Y even when another
circuit is interposed between X and Y, X and Y are function-
ally connected.

Note that when it is explicitly described that X and Y are
electrically connected, the case where X and Y are electrically
connected (i.e., the case where X and Y are connected with
another element or another circuit provided therebetween),
the case where X and Y are functionally connected (i.e., the
case where X and Y are functionally connected with another
circuit provided therebetween), and the case where X and Y
are directly connected (i.e., the case where X and Y are
connected without another element or another circuit pro-
vided therebetween) are included therein.

For example, any of the following expressions can be used
for the case where a source (or a first terminal or the like) of
a transistor is electrically connected to X through (or not
through) Z1 and a drain (or a second terminal or the like) of
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the transistor is electrically connected to Y through (or not
through) 72, or the case where a source (or a first terminal or
the like) of a transistor is directly connected to one part of Z1
and another part of Z1 is directly connected to X while a drain
(or a second terminal or the like) of the transistor is directly
connected to one part of Z2 and another part of 72 is directly
connected to Y.

Examples of the expressions include, “X, Y, a source (or a
first terminal or the like) of a transistor, and a drain (or a
second terminal or the like) of the transistor are electrically
connected to each other, and X the source (or the first terminal
or the like) of the transistor, the drain (or the second terminal
or the like) of the transistor, and Y are electrically connected
to each other in this order”, “a source (or a first terminal or the
like) of a transistor is electrically connected to X a drain (or a
second terminal or the like) of the transistor is electrically
connected to Y, and X the source (or the first terminal or the
like) of the transistor, the drain (or the second terminal or the
like) of the transistor, and Y are electrically connected to each
other in this order”, and “X is electrically connected to Y
through a source (or a first terminal or the like) and a drain (or
a second terminal or the like) of a transistor, and X, the source
(or the first terminal or the like) of the transistor, the drain (or
the second terminal or the like) of the transistor, and Y are
provided to be connected in this order”. When the connection
order in a circuit structure is defined by an expression similar
to the above examples, a source (or a first terminal or the like)
and a drain (or a second terminal or the like) of a transistor can
be distinguished from each other to specify the technical
scope.

Note that a content (or may be part of the content)
described in one embodiment may be applied to, combined
with, or replaced by a different content (or may be part of the
different content) described in the embodiment and/or a con-
tent (or may be part of the content) described in one or a
plurality of different embodiments.

Note that in each embodiment, a content described in the
embodiment is a content described with reference to a variety
of'diagrams or a content described with a text described in this
specification.

Note that by combining a diagram (or may be part of the
diagram) illustrated in one embodiment with another part of
the diagram, a different diagram (or may be part of the dif-
ferent diagram) illustrated in the embodiment, and/or a dia-
gram (or may be part of the diagram) illustrated in one or a
plurality of different embodiments, much more diagrams can
be formed.

Note that contents that are not specified in any drawing or
text in the specification can be excluded from one embodi-
ment of the invention. Alternatively, when the range of a value
that is defined by the maximum and minimum values is
described, part of the range is appropriately narrowed or part
of the range is removed, whereby one embodiment of the
invention excluding part of the range can be constructed. In
this manner, it is possible to specify the technical scope of one
embodiment of the present invention so that a conventional
technology is excluded, for example.

As a specific example, a diagram of a circuit including a
first transistor to a fifth transistor is illustrated. In that case, it
can be specified that the circuit does not include a sixth
transistor in the invention. It can be specified that the circuit
does not include a capacitor in the invention. It can be speci-
fied that the circuit does not include a sixth transistor with a
particular connection structure in the invention. It can be
specified that the circuit does not include a capacitor with a
particular connection structure in the invention. For example,
it can be specified that a sixth transistor whose gate is con-
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nected to a gate of the third transistor is not included in the
invention. For example, it can be specified that a capacitor
whose first electrode is connected to the gate of the third
transistor is not included in the invention.

As another specific example, a description of a value, “a
voltage is preferably higher than or equal to 3 V and lower
than or equal to 10V’ is given. In that case, for example, it can
be specified that the case where the voltage is higher than or
equal to -2V and lower than or equal to 1 V is excluded from
one embodiment of the invention. For example, it can be
specified that the case where the voltage is higher than or
equal to 13V is excluded from one embodiment of the inven-
tion. Note that, for example, it can be specified that the volt-
age is higher than or equal to 5 V and lower than or equal to 8
V in the invention. For example, it can be specified that the
voltage is approximately 9V in the invention. For example, it
can be specified that the voltage is higher than or equalto 3V
and lower than or equal to 10V butisnot 9V in the invention.
Note that even when the description “a value is preferably in
a certain range” or “a value preferably satisfies a certain
condition” is given, the value is not limited to the description.
In other words, a description of a value that includes a term
“preferable”, “preferably”, or the like does not necessarily
limit the value.

As another specific example, a description “a voltage is
preferred to be 10 V™ is given. In that case, for example, it can
be specified that the case where the voltage is higher than or
equal to -2V and lower than or equal to 1 V is excluded from
one embodiment of the invention. For example, it can be
specified that the case where the voltage is higher than or
equal to 13V is excluded from one embodiment of the inven-
tion.

As another specific example, a description “a film is an
insulating film” is given to describe properties of a material.
In that case, for example, it can be specified that the case
where the insulating film is an organic insulating film is
excluded from one embodiment of the invention. For
example, it can be specified that the case where the insulating
film is an inorganic insulating film is excluded from one
embodiment of the invention. For example, it can be specified
that the case where the insulating film is a conductive film is
excluded from one embodiment of the invention. For
example, it can be specified that the case where the insulating
film is a semiconductor film is excluded from one embodi-
ment of the invention.

As another specific example, the description of a stacked
structure, “a film is provided between an A film and a B film”
is given. In that case, for example, it can be specified that the
case where the film is a stacked film of four or more layers is
excluded from the invention. For example, it can be specified
that the case where a conductive film is provided between the
A film and the film is excluded from the invention.

Note that various people can implement one embodiment
of the invention described in this specification and the like.
However, different people may be involved in the implemen-
tation of the invention. For example, in the case of a trans-
mission/reception system, the following case is possible:
Company A manufactures and sells transmitting devices, and
Company B manufactures and sells receiving devices. As
another example, in the case of a light-emitting device includ-
ing a transistor and a light-emitting element, the following
case is possible: Company A manufactures and sells semi-
conductor devices including transistors, and Company B pur-
chases the semiconductor devices, provides light-emitting
elements for the semiconductor devices, and completes light-
emitting devices.
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In such a case, one embodiment of the invention can be
constituted so that a patent infringement can be claimed
against each of Company A and Company B. In other words,
one embodiment of the invention can be constituted so that
only Company A implements the embodiment, and another
embodiment of the invention can be constituted so that only
Company B implements the embodiment. One embodiment
of'the invention with which a patent infringement suit can be
filed against Company A or Company B is clear and can be
regarded as being disclosed in this specification or the like.
For example, in the case of a transmission/reception system,
even when this specification or the like does not include a
description of the case where a transmitting device is used
alone or the case where a receiving device is used alone, one
embodiment of the invention can be constituted by only the
transmitting device and another embodiment of the invention
can be constituted by only the receiving device. Those
embodiments of the invention are clear and can be regarded as
being disclosed in this specification or the like. Another
example is as follows: in the case of a light-emitting device
including a transistor and a light-emitting element, even when
this specification or the like does not include a description of
the case where a semiconductor device including the transis-
tor is used alone or the case where a light-emitting device
including the light-emitting element is used alone, one
embodiment of the invention can be constituted by only the
semiconductor device including the transistor and another
embodiment of the invention can be constituted by only the
light-emitting device including the light-emitting element.
Those embodiments of the invention are clear and can be
regarded as being disclosed in this specification or the like.

Note that in this specification and the like, it might be
possible for those skilled in the art to constitute one embodi-
ment of the invention even when portions to which all the
terminals of an active element (e.g., a transistor or a diode), a
passive element (e.g., a capacitor or a resistor), or the like are
connected are not specified. In other words, one embodiment
of the invention can be clear even when connection portions
are not specified. Further, in the case where a connection
portion is disclosed in this specification and the like, it can be
determined that one embodiment of the invention in which a
connection portion is not specified is disclosed in this speci-
fication and the like, in some cases. In particular, in the case
where the number of portions to which the terminal is con-
nected might be plural, it is not necessary to specity the
portions to which the terminal is connected. Therefore, it
might be possible to constitute one embodiment of the inven-
tion by specifying only portions to which some of terminals of
an active element (e.g., a transistor or a diode), a passive
element (e.g., a capacitor or a resistor), or the like are con-
nected.

Note that in this specification and the like, it might be
possible for those skilled in the art to specify the invention
when at least the connection portion of a circuit is specified.
Alternatively, it might be possible for those skilled in the art
to specify the invention when at least a function of a circuit is
specified. In other words, when a function of a circuit is
specified, one embodiment of the invention can be clear.
Furthermore, it can be determined that one embodiment of the
invention whose function is specified is disclosed in this
specification and the like. Therefore, when a connection por-
tion of a circuit is specified, the circuit is disclosed as one
embodiment of the invention even when a function is not
specified, and one embodiment of the invention can be con-
stituted. Alternatively, when a function of a circuit is speci-
fied, the circuit is disclosed as one embodiment of the inven-
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tion even when a connection portion is not specified, and one
embodiment of the invention can be constituted.

Note that in this specification and the like, in a diagram or
a text described in one embodiment, it is possible to take out
part of the diagram or the text and constitute an embodiment
of the invention. Thus, in the case where a diagram or a text
related to a certain portion is described, the context taken out
from part of the diagram or the text is also disclosed as one
embodiment of the invention, and one embodiment of the
invention can be constituted. The embodiment of the inven-
tion is clear. Therefore, for example, in a diagram or text in
which one or more active elements (e.g., transistors or
diodes), wirings, passive elements (e.g., capacitors or resis-
tors), conductive layers, insulating layers, semiconductor lay-
ers, organic materials, inorganic materials, components,
devices, operating methods, manufacturing methods, or the
like are described, part of the diagram or the text is taken out,
and one embodiment of the invention can be constituted. For
example, from a circuit diagram in which N circuit elements
(e.g., transistors or capacitors; N is an integer) are provided, it
is possible to constitute one embodiment of the invention by
taking out M circuit elements (e.g., transistors or capacitors;
M is an integer, where M<N). As another example, it is
possible to constitute one embodiment of the invention by
taking out M layers (M is an integer, where M<N) from a
cross-sectional view in which N layers (N is an integer) are
provided. As another example, it is possible to constitute one
embodiment of the invention by taking out M elements (M is
an integer, where M<N) from a flow chart in which N ele-
ments (N is an integer) are provided. As another example, it is
possible to take out some given elements from a sentence “A
includes B, C, D, E, or F”” and constitute one embodiment of
the invention, for example, “A includes B and E”, “A includes
EandF”, “Aincludes C, E, and F”, or “A includes B, C, D, and
E”.

Note that in the case where at least one specific example is
described in a diagram or a text described in one embodiment
in this specification and the like, it will be readily appreciated
by those skilled in the art that a broader concept of the specific
example can be derived. Therefore, in the diagram or the text
described in one embodiment, in the case where at least one
specific example is described, a broader concept of the spe-
cific example is disclosed as one embodiment of the inven-
tion, and one embodiment of the invention can be constituted.
The embodiment of the invention is clear.

Note that in this specification and the like, a content
described in at least a diagram (which may be part of the
diagram) is disclosed as one embodiment of the invention,
and one embodiment of the invention can be constituted.
Therefore, when a certain content is described in a diagram,
the content is disclosed as one embodiment of the invention
even when the content is not described with a text, and one
embodiment of the invention can be constituted. In a similar
manner, part of a diagram, which is taken out from the dia-
gram, is disclosed as one embodiment of the invention, and
one embodiment of the invention can be constituted. The
embodiment of the invention is clear.

This application is based on Japanese Patent Application
serial no. 2014-052211 filed with Japan Patent Office on Mar.
14,2014, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A semiconductor device comprising:

a first transistor; and

a second transistor,

wherein the first transistor comprises:

a first conductor;
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a second conductor;

a first insulator over the first conductor and the second
conductor;

a semiconductor over the first insulator;

a second insulator over the semiconductor;

a third conductor over the second insulator; and

a fourth conductor and a fifth conductor that are in con-
tact with the semiconductor,

wherein the third conductor includes a first region not

overlapping the first conductor,

wherein the third conductor includes a second region over-

lapping the second conductor with the semiconductor
therebetween, and

wherein one of a source and a drain of the second transistor

is electrically connected to the third conductor.

2. The semiconductor device according to claim 1, com-
prising a first memory cell and a second memory cell adjacent
to each other,

wherein the first memory cell and the second memory cell

each comprise:
the first transistor; and
the second transistor, and

wherein the first conductor included in the first memory

cell is electrically connected to the first conductor
included in the second memory cell.

3. The semiconductor device according to claim 1, com-
prising a first memory cell and a second memory cell adjacent
to each other,

wherein the first memory cell and the second memory cell

each comprise:
the first transistor; and
the second transistor, and

wherein the second conductor included in the first memory

cell is electrically connected to the second conductor
included in the second memory cell.

4. The semiconductor device according to claim 1, wherein
the third conductor includes a region that does not overlap the
second conductor.

5. The semiconductor device according to claim 1,

wherein the first conductor and the third conductor do not

overlap with each other, and

wherein, when seen from the above, a distance between the

first conductor and the third conductor is shorter than or
equal to a distance between the first conductor and the
second conductor.

6. The semiconductor device according to claim 1,

wherein the first conductor and the third conductor overlap

with each other, and

wherein, when seen from the above, a width of a region

where the first conductor and the third conductor overlap
with each other is shorter than or equal to a distance
between the first conductor and the second conductor.

7. The semiconductor device according to claim 1,

wherein the semiconductor is an oxide semiconductor, and

wherein a channel formation region of the second transis-
tor includes an oxide semiconductor.

8. The semiconductor device according to claim 1, wherein
the second transistor is stacked over the first transistor.

9. The semiconductor device according to claim 1, wherein
any one state of 4 to 256 levels is held by the first transistor
and the second transistor.

10. A radio-frequency tag comprising the semiconductor
device according to claim 1, further comprising an antenna.

11. An electronic device comprising the semiconductor
device according to claim 1, further comprising a printed
wiring board.
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12. A semiconductor device comprising:
a first transistor and a second transistor, the first transistor
comprising:
a first conductor;
a second conductor;
a first insulator over the first conductor and the second
conductor;
a semiconductor over the first insulator;
a second insulator over the semiconductor;
a third conductor over the second insulator; and
a fourth conductor and a fifth conductor that are in con-
tact with the semiconductor,

wherein the semiconductor comprises a first region, a sec-

ond region and a third region,

wherein the fourth conductor and the fifth conductor do not

overlap the first region, second region and the third
region,

wherein the first conductor overlaps the first region,

wherein the second conductor overlaps the second region,

wherein the third conductor overlaps the third region,
wherein the first region includes a region not overlapping
the third region,

wherein the second region includes a region overlapping

the third region, and

wherein one of a source and a drain of the second transistor

is electrically connected to the third conductor of the
first transistor.

13. The semiconductor device according to claim 12, com-
prising a first memory cell and a second memory cell adjacent
to each other,

wherein the first memory cell and the second memory cell

each comprise the first transistor and the second transis-
tor, and

wherein the first conductor included in the first memory

cell is electrically connected to the first conductor
included in the second memory cell.
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14. The semiconductor device comprising according to
claim 12, comprising a first memory cell and a second
memory cell adjacent to each other,

wherein the first memory cell and the second memory cell

each comprise the first transistor and the second transis-
tor, and

wherein the second conductor included in the first memory

cell is electrically connected to the second conductor
included in the second memory cell.

15. The semiconductor device according to claim 12,
wherein the second region is included in the third region.

16. The semiconductor device according to claim 12,

wherein the first region and the third region do not overlap

with each other, and

wherein a distance between the first region and the third

region is shorter than or equal to a distance between the
first region and the second region.

17. The semiconductor device according to claim 12,

wherein the first region and the third region overlap with

each other, and

wherein a width of a region where the first region and the

third region overlap with each other is shorter than or
equal to a distance between the first region and the
second region.

18. The semiconductor device according to claim 12,
wherein an edge of the first region is aligned with an edge of
the third region.

19. A radio-frequency tag comprising the semiconductor
device according to claim 12, further comprising an antenna.

20. An electronic device comprising the semiconductor
device according to claim 12, further comprising a printed
wiring board.



